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Introduction 


Rubber contents are so frequently the focus of attention in investiga- 
tions of guayule (Parthenium argentatum Gray) that an account of rubber 
distribution in the plant may contribute to experimental studies as well as to 
purely descriptive literature concerning the plant. In the choice of plant 
material for study or for sampling, or in the interpretation of results, the 
relative amounts and concentrations of rubber in the various parts may be 
a pertinent factor. Even commercial scale harvesting and milling opera- 
tions are aided to some degree by knowledge of which plant parts contribute 
significantly to rubber yields and which are insignificant or mere diluents. 

The pattern of rubber distribution as revealed qualitatively under: the 
microscope has been thoroughly studied and described by Ross (8), Luoyp 
(6) and ArTscHwacer (1). In plants older than one year, the vascular 
rays of phloem and xylem carry the major portion of the rubber. Other 
parenchymatous tissues, the pith, primary cortex, epithelial cells of the 
resin canals, and xylem parenchyma contain rubber; but, partly because 
they comprise a smaller fraction of the plant, the amount of rubber they con- 
tribute is less important. In younger plants, some of these latter tissues 
contribute a relatively larger part of the total rubber. Rubber is evident 
in the leaf parenchyma, but only in very small amounts. 

Only incomplete information is to be found concerning the macro-, but 
quantitative distribution of rubber in guayule. Whittlesey (13) separated 
several portions from native plants of uncertain but evidently advanced age. 
As determined by carbon tetrachloride extraction, following extraction with 
alcohol and water, the bark of the root and that of the trunk yielded approxi- 
mately 20% rubber. Practically no rubber was obtained from the wood of 
these parts. This supported an impression, already current at that time, 
that the rubber in guayule is largely restricted to the bark. Above the trunk, 
which was apparently the sole remnant of the basal branching system typical 
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of a vigorous young cultivated plant, the leafy branches were analyzed as a 
composite sample. Aside from Whittlesey’s report the literature offers little 
but fragmentary information, rarely accompanied by published data. Un- 
published data from a preliminary survey of a few plants by H. P. Traub 
and B.J. Cooil.indicated a general distribution between bark and wood and 
between root and top not unlike that shown in the following pages. 

Olson’ separated plants into top and basal portions. From a series of 
such separations in which the division was at various levels, he obtained 
indications that the maximum concentration of rubber was in the lowermost 
(proximal) parts of the branches. This obtained for recovery by milling 
procedures as well as by direct chemical analyses, and the quality of rubber 
yielded also seemed better in the lower parts of the branches than in either 
the root portions or the youngest upper branches. 


Materials and methods 


Plant material was obtained from various plantations and experimental 
areas of the Emergency Rubber Project in the vicinity of Salinas, California. 
The history of the plants prior to field culture was that of the usual planting 
procedure. “Seedlings produced in thickly planted, irrigated nursery beds 
were transplanted to the field in the fall or winter, after less than a year of 
growth from seed. The indicated age of the plants refers to the years of 
growth in the field following transplanting, although the oldest tissues in 
the root and crown, which were carried over in the transplant, were of course 
nearly a full year older. Five plants were combined to provide the material 
for each separation, and the recorded values are the means of six such groups. 

The general pattern of subdivision and designation of parts is illustrated 
(fig. 1). The root system was detached where constriction begins below the 
swollen crown portion. The short lengths of secondary and finer roots ob- 
tained as the plants were dug were removed as a separate sample of branch 
roots. This represents only a minute part of an extensive branching root 
system (7), but perhaps more than is removed in the normal harvesting op- 
eration of undereutting. The primary root, devoid of the lateral roots, 
represents approximately the root of the original transplant. An arbitrary 
decision placed the upper limit of the crown at the level where the few en- 
larged branch bases gave rise to the more profuse main branching system. 
Usually the plane of the soil surface passed through the crown region. Above 
the crown, the branches were separated into the stem lengths corresponding 
to the successive annual increments of growth. The designations ‘‘first year 
stem, second year stem,’’ etc., accordingly indicate the year of growth after 
transplanting in which the primary tissues of the stem segments were 
formed. Detection of the successive stem segments is made possible by the 
shortened internodes which appear as cessation of bud growth occurs in 

1Ouson, D. 8. Distribution and quality of rubber milled from ‘plant fractions. Un- 
published report in the files of the Emergency Rubber Project, Salinas, California. July 
14, 1944. 
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Fie. 1. Appearance of guayule plants as taken from the field (left) and the seg- 
ments into which defoliated plants were separated (right). Above is a two-year-old 
irrigated plant showing segments branch roots, root, crown, Ist year stem, and 2nd year 
stem in upward sequence from the base. Below is a nine-year-old plant and the segments 
branch roots, root, crown, lst year stem, 2nd year stem, 3rd and 4th year stem (com- 
bined), 5th and 6th year stem (combined), 7th and 8th year stem (combined), and 9th 
year stem. The rule appearing in each photograph is 12 inches (30.5 em.) long. 


response to exhaustion of available soil moisture or low temperature. Cycles 
of growth are consequently separated by regions in which the shortened 
internodes leave a collar of leaf scars similar to the bud sears occurring on 
deciduous woody plants. The annual increments of growth in length are 
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clearly distinguishable on young plants growing in the vicinity of Salinas; 
but on plants approaching ten years of age the markings on the older parts 
become obscure, and in regions where irregular climatic patterns of moisture 
and temperature occur, annual increments could not be located accurately. 

Dead twigs and branches and the remnants of the wiry flower peduncles 
were removed as a separate sample from the older parts, and the stem of the 
most recent growth increment was separated from its attached leaves and 
flower peduncles. The terms ‘‘bark’’ and ‘‘wood”’ refer to the groups of 
tissues obtained by separation at the cambium region. By hammering the 
segments of stem lightly, the tissues can be separated where the fragile cells 
of the cambium region have been crushed. 

Following coarse chopping by hand, the various fractions of plant ma- 
terial were dried at 65° C., then ground successively through a Wiley mill 
and a hammer mill (9). Rubber and resins were usually determined by the 
method of SPENCE and CALDWELL (11). The term ‘‘resins’’ thus refers to 
the substances which may be extracted with acetone after the sample has 
been boiled with dilute acid and thoroughly leached with water. Rubber 
was extracted with benzene following the removal of the acetone-soluble sub- 
stances. Other methods for rubber (12, 14) were employed in special cases 
as indicated in the text. Percentage contents of rubber and resin are ex- 
pressed as percentage of dry weight. 

The plants of tables I to VI were all sampled in April when growth was 
just beginning and the rubber concentration was at a maximum which would 
not be exceeded until the following autumn. In connection with total yields 
from the plants, it should be mentioned that with plant spacings as wide as 
those involved in these fields, harvesting is not considered economical until 
more than three years of growth have elapsed. The plants do not fully 
occupy the field area until this time, and during the earlier years the annual 
increments of rubber increase with age. 

Statistical analyses was by the method of analyses of variance. From 
the error variance the standard error of difference between means was as- 
certained, which by reference to the tables of ‘‘t,’’ provided an estimate of 
the difference required for significance (5). 


Results and discussion 
TWO-YEAR-OLD PLANTS 


Table I records the distribution of weight, rubber, and resin among the 
various segments of root and stem. These plants, taken from the first plan- 
tation established in the operations of the Emergency Rubber Project, fad 
grown for two years in the field without any irrigation to supplement the 
winter rainfall of about 13 inches. Rubber concentration, expressed as 
percentage of dry weight, is lowest in the root, higher in the branch roots, 
and much higher in the crown and branches. The oldest segments of the 
branches, stems formed during the first year, are higher in rubber eontent 
than the second year stems; but the difference is surprisingly small in view 
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of the fact that the oldest parts of the former are two years old, while those 
of the latter are only one year old. It is interesting to consider that al- 
though the first year stem contained a considerable percentage of rubber 
(table VII) before the growth of the second year stem even started, the two 
are now not greatly different in rubber content. 

Resin concentration is also at a minimum in the root, but with only an 
insignificantly higher concentration in the crown. The second year stem, 
formed during the past year, shows distinctly more resin than the older stem. 

The data show that two-thirds of the dry weight of the plant is in the 
branch system above the crown, about one-third distributed between the root 
and crown, and only a very minor part in the secondary roots. The compo- 
sition of the branches will, therefore, be the predominant factor in gross com- 
position of the plant as a whole. 

Distribution of the total weight of rubber among the parts is roughly 
parallel to the distribution of dry weight. The contribution of the root in 
terms of rubber quantity, however, is less than in terms of dry weight, be- 
cause of its low rubber concentration ; the contribution of the branch system 
is correspondingly greater. 

Plants represented by table II are also two years old, but they had been 
irrigated in July and September of each year. Detailed comparisons attrib- 
uted to irrigation treatment, are not to be made between these tables I and IT, 
for the plants are from independent experiments on separate plantations, the 
spacings in the field are different, and two varieties are involved. The nomi- 
nally distinct strains ‘‘593’’ and ‘‘406,’’ however, are practically indistin- 
guishable in growth and rubber content (3), so the sharply contrasted 
levels of rubber concentration probably reflect principally the contrasting 
moisture conditions of the plants. It is also probably justifiable to note 
that although the longer period of summer growth provided by irrigation 
resulted in a lower rubber concentration throughout the plant, a compen- 
satingly higher dry weight resulted. Consequently, the rubber yield per 
plant is very similar under the two moisture conditions, Such approxi- 
mately compensating responses to irrigation have commonly been observed 
when natural conditions have not been extremely xerophytie (4). ° 

Despite the over-all dissimilarity between populations, the relations 
within the plants of table II are similar to those shown in table I. Rubber 
concentration is lower in the root than in any other part. Here, however, 
the branches are significantly higher in rubber concentration than in the 
crown, and the younger second year stem not only approaches but even 
equals the first year stem in rubber concentration. Resin concentration is 
again at a minimum in the root, and the second year stem is richer in resin 


2 HoLMeEs, RAirorp L. Analyses of samples from indicator plots taken in February 
1944. Unpublished data summarized in the files of the Emergency Rubber Project, 
Salinas, California. 1944. 

3 TinGEY, D. C. The effect of different frequencies of irrigation on two-year-old 
guayule. Unpublished report in the files of the Emergency Rubber Project, Salinas, 
California. March 17, 1945. 






































eee a ee bE | os. Eee l l | : 
66> | 001 | es'or | | 001 C893 | | 60°9 | | 689 | yuvyd [eo 
6T | L% 6% | 6 | Lg°0 680 80 €¢°0 8c"0 Zo I soUdII Ip 
rT 0% L £e> Le | 820 | 9°00 | Seo | FeO | EFO YoS "USIS 4SvOT] 
oso | LLT SOF 29 | «(OFT | ovsS |; 6S€ | Oro | SE O'FE G09 | OL [6°L ool solr | S68 BU19zS “1A Pus 
G39 | StL ree | 29g 8tT 68°F 966 | 61S [sl 6ce | ssh | sss 06°L a a 6S°€ ol'6 SUIO}S “IA 48] 
20s | 9¢ sor Is'T 6F°0 eel oUl O' FF 9°62 99T | OST | 33's | 6s suo | 66 | 6TOL | umor) 
ver | 92 06 T¢'T 630 821 OFT Ses 9°8E 8°Ss | SSL fey OFS 06s | S80 LOOT | 00y 
rss vt SP L’9 Ut 98 133 OF'9 1er | 8}001 YouRig 
% ‘wb % “uw “wb “wb % % "uw wo | -wb % % % % | % % 
ela lsvl¢l#leleeleel sl elFlslelfl?l¢eile 
4h = 3 = 4 zs ak 4m = 8 mo s sg be .. a ze 
pA] 83 & 5 a 83 3A & S) a Ss T&S A zm | 6 = 
e 3 a4 > is c > 
ay Ee > ts > eS ay ts Rae ts 
Se <a) <a) es 
od 4 Z 4 z Lavd INVId 
LNV1d Wid LNV 1d Wid GASSIL ANd NJ AASSIL AUC NJ 
LHDIGM ss - 2 
HSd4y uada0d JO LHOTEM LHOIGM AUC NISaY yaaany | 














PPE “Idd VY GXIAWVS {Tad NI SHHONI FZ AM QZ AAOVAS {OOF NIVULS ‘YVAA HOVA AO UAANALAIG GNV ATOL NI GALVOINA] 
HINAVOD G10-YVAA-OML GALVOIAAI NI LHDIGAM GNV ‘NISGY ‘YXadNA JO NOLLAAIALSIC[ 


Il WIV 









340 PLANT PHYSIOLOGY 


than is any other part. The two stem increments together contain about 
two-thirds of the total dry weight of the plant, and because of their relatively 
high rubber concentration, nearly three-fourths of the total rubber. 

Separation of the various segments into bark and wood portions reveals 
partial explanations for the pattern of rubber concentration among the 
whole segments. Of particular significance in this connection is the fact 
that rubber is concentrated primarily in the bark; also of importance is the 
fact that the proportion of bark increases progressively from the root up- 
ward to the most recent stem segment. Thus, although the root bark is as 
high in rubber as the bark of any other part, there is proportionally much 
less of the rubber-rich bark in the root sample. This, coupled with the very 
low rubber content of the root wood, produces a relatively low rubber con- 
centration for the root as a whole. In the matter of the second year stem’s 
attaining a rubber concentration approaching that of the older first year 
stem, the bark of the younger stem yields a rubber concentration quite close 
to that of the older stem. Even this difference is counteracted by the greater 
proportion of bark in the young stem and to a slight extent by the higher 
concentration in the wood, so that the resultant concentration of the two 
stem segments is nearly identical. Rubber concentration of the bark frac- 
tion is at a maximum in the root and the crown, somewhat lower in the first 
year stem, and still lower in the young second year stem. The wood on the 
other hand exhibits an extremely low rubber content in the root, and the con- 
centration rises progressively through the upper parts of the plant. 

Resin, as rubber, finds its site of principal concentration in the bark. It 
is distributed rather uniformly through the bark of the various segments. 
A slight gradient upward is suggested in the wood, but the only impressive 
distinction is in the high resin concentration of the wood in the second year 
stem. This contributes to the markedly high resin content of the second 
year stem as a whole; differences in resin concentration among the other 
whole segments are largely reflections of varying proportions of bark and 
wood. 

When rubber content is considered in terms of the actual amount in the 
parts, it is seen that the major part is carried in the bark, as would be indi- 
cated from the distribution of weight and rubber concentration. Depend- 
ing on the segment, the amount in the bark comprises from 72% to 85% of 
the total. Of the total rubber in the plant 79% is carried in the bark tissues. 
This figure ignores the branch roots, but the undetermined distribution 
there would not alter the figure greatly, because when included they contain 
less than 7% of the total rubber observed. 


THREE-YEAR-OLD PLANTS 


Tables III and IV present data for plants which have grown for three 
years in the field. All were irrigated once during the first year but not 
during the second year. In the third year the plants of table III continued 
without irrigation, while those of table IV received a single irrigation in 
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mid-September which brought renewed terminal growth and a crop of 
flowers. 

Distribution through the root and stem segments (table III) is quite 
similar to that found in the younger plants (tables I and II). The branch 
roots have a higher rubber concentration than the main root, and the con- 
centration increases from root to crown and from crown to first year stem. 
Not only does the second year stem have a rubber concentration comparable 
to the older first year stem ; but the third year stem, originating entirely in 
the last. of the: three years of growth, has attained a concentration closely 
approaching that of the stems which have been accumulating rubber for 
more than two years. 

Resin concentration reaches a conspicuous maximum in the most recent 
stem segment, the third year stem, as it did in the second year stem of the 
two-year-old plants. The second year stem, which presumably had a dis- 
tinetively high resin content a year previously, now has the same concen- 
tration as the older first year stem. Root and crown show lower resin con- 
tents than any other parts. Stems of the above-ground branch system carry 
about two-thirds of the total dry weight and three-fourths of the total 
rubber, as they did in the case of the smaller two-year-old plants. 

Within the bark portion of the plant, the root and crown show the highest 
rubber concentration. Above the crown, the concentration decreases with 
decreasing age of the stem segment. In the wood, the lowest rubber concen- 
tration oceurs in the root, with an abrupt rise in the crown, and a slight 
rising gradient in the progressively younger stem portions. In these two 
tables the data for the bark and wood of the third year stem cannot be 
strictly compared to the corresponding tissues of the other segments by the 
indicated statistical standards. Samples of this stem segment were sepa- 
rated in only three of the six replicates. Furthermore, some selection of 
material was necessary to obtain stems which could practicably be separated 
into bark and wood ; and the analyses were by the photometric, micro-method 
of Traus (12). However, the relative weight of dry material, rubber, and 
resin in the bark as compared to the wood was quite consistent, so the infor- 
mation from these restricted data is included for comparative purposes. Ac- 
cording to these relative weights, the observed values for the whole stem 
samples were calculated into their bark and wood components to give figures 
comparable to those from direct analysis of the whole stems. 

Resin distribution within the tissues does not show a striking pattern 
except for the high concentration in the root bark, the high level reached in 
both the bark and wood of the third year (one-year-old) stem as compared 
to the older stem segments, and of course the relative richness of the bark 
as compared to the wood. 

Dry weight distribution between bark and wood displays the same rela- 
tions observed in table II. In the root the bark contributes less than one- 
third of the dry weight. Proceeding upward in the plant to younger parts 
the proportion of bark progressively increases until it represents about two- 
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thirds of the dry weight in the case of the third year stem. The total amount 
of rubber deposited in the bark of the various segments comprises 71% to 
79% of the total for the whole segment. Omitting the branch roots, 76% 
of the rubber in the plant is contained in the bark. 

As a result of irrigation, the plants of table IV show a lower rubber con- 
centration than those of table III. However, little change in the pattern of 
distribution can be seen. The lower level of rubber content is reflected 
rather uniformly through all of the parts. Resin, though perhaps at a 
slightly lower general level, is also very similar in distribution. Dry weight 
is distinetively different only in the greater weight of the third year stem. 
This table is offered only to show the effect of distinetive irrigation response 
on relative distribution within the plant, not as a typical example of irriga- 
tion culture to compare with the table III plants which were not irrigated. 
The terminal growth made possible by the single late irrigation was soon 
terminated by low temperature; and moisture differentials prevailed only 
until the rains of late autumn and winter. 


NINE-YEAR-OLD PLANTS 


Some of the relations shown in the preceding tables had already been 
observed in earlier samplings of the three-year-old population. It had been 
particularly striking that the young third year stems yielded a rubber con- 
centration approaching that of the older stems, and that the second year 
stems were as high in rubber as the first year stems which were a full year 
older. To further investigate this tendency of young stems to attain, within 
one or two years, the same rubber concentration as older stems on the same 
plant, samples were taken from a population of nine-year-old plants (table 
V). With these plants it would be possible to compare a series of stem 
segments in which the oldest tissues ranged from one to nine years of age. 

The appearance of these plants, and the segments into which they were 
separated are illustrated (fig. 1). Five samples of plants were separated, 
with two plants combined for each sample. The separation was similar to 
that performed on the younger plants, except that the stems were divided 
into biennial increments between the third and eighth year of annual elonga- 
tion. Because the markings were occasionally obscure, the stem segments 
may not have been accurately distinguished in all cases. Nevertheless, the 
series from the base of the branches to the tips comprises a series of samples 
with decreasing average age. The planting received no irrigation until the 
seventh year of growth in the field, and was irrigated each summer there- 
after. The relatively longer and heavier segments in the seventh and eighth 
year increment, which seemed anomalous before the irrigation history could 
be ascertained, are probably a response to the improved moisture supply. 

Because of the irrigation imposed during the last three years it is im- 
possible to draw definite conclusions concerning a tendency for equilibrium 
in rubber concentration through segments of varying ages. Although a 
gradient of decreasing rubber concentration from the first year stem to the 
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sixth year stem is suggested, the amount of change is very slight. A notice- 
able decrease is seen when the seventh and eighth year segment is reached, 
but since all the tissues of this segment were developed in the years when 
irrigation prevailed, it is not known whether an effect of age or of irrigation 
is reflected. The magnitude of the decrease is relatively small in any case. 
In the ninth year (one-year-old) stem, however, a greater decrease occurs, 
and this segment as compared to the preceding one probably does not reflect 
an irrigation effect alone. Thus it appears that in an old plant a recently 
developed stem segment will not attain a rubber concentration comparable 
to the older segments until more than a year has elapsed. Within another 
year or two, however, it will have a concentration only slightly lower than 
that of stem segments in which the oldest parts are several years older. 

With separation of the segments into tissues, the bark shows a maximum 
rubber concentration on the crown and the first year stem, with a slightly 
lower value in the root. From the first year stem upward, rubber concen- 
tration in the bark decreases along a gradient with decreasing age of the 
stem. In the wood fraction, the now familiar low concentration associated 
with the root occurs again. Through the other segments of wood, rubber 
is at a rather uniform level, except that a distinct maximum appears in the 
first year stem. 

Resin concentration for the whole segments is at its lowest value in the 
crown. Above the crown a slight rising gradient is suggested, but marked 
increases occur only in the two youngest segments. Practically the same 
pattern occurs in the bark. The wood attains its highest resin content in 
the youngest stem segment, is at a rather uniform level in the older stems, 
but seems to rise progressively in the segments below and older than the sec- 
ond year stem. 

The proportion of dry weight contained in the bark follows the same 
pattern as in the younger plants. The root contains the smallest proportion 
of bark.. Upward from the root, a gradient of increasing relative bark 
weight extends to the youngest stems. This gradient operates to maintain 
a relatively uniform rubber content for the stem segments as a whole, in 
spite of the decreasing gradient of rubber in the separate bark and wood 
fractions. 

Distribution of the total dry weight in the plants shows that the root 
comprises about the same proportion as it did in both the two- and three- 
year-old plants. Evidently total growth in the branches and roots occurs 
at approximately the same relative rates. Although the proportion of the 
total weight contained in the crown was similar between the two- and three- 
year-old plants, it appears to be higher in the nine year plants. But this is 
probably due to the arbitrary method of choosing the upper limit of the 
crown; because of the swollen development of the old crown, presumably 
engulfing the basal portion of the branches, more of the lower part of the 
branches may have been included in the crown portion of these older plants 
than in the younger plants. 
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Of the total rubber contained in the plants, about 70% is in the stems 
above the crown. The amount contributed by the bark ranges from 65% 
to 82% among the several segments. Ignoring the branch roots and the 
ninth year stem, which carry only a small part of the total, 76% of the rubber 
in the plant is confined to the bark. 

Because of the high concentration of rubber and resins in bark tissues 
the manipulation in grinding, subsampling for extraction, and extraction 
frequently presents difficulties. This was particularly evident in the nine- 
year-old plants because of the high concentrations involved. To see if these 
difficulties were likely to lead to erroneous results, subsamples of entire stems 
were taken at the same time that the subsamples were taken for tissue sepa- 
ration. The rubber and resin contents determined directly on the samples 
of whole stem were then compared to those calculated from the analyses of 
separate bark and wood fractions. In thirteen such comparisons involving 
stems of various ages, the mean rubber content of the whole stems analyzed 
directly was 15.06%, and that obtained from separate analyses of bark and 
wood was 14.88%. A difference of 0.28% would be required for significance 
at the 5% level. The resin values were 7.42% when determined directly 
and 7.58% when calculated from separate analyses of the parts, with a dif- 
ference of 0.19% required for significance. Thus it seems that, at least at 
this season, the composition obtained from analysis of separate tissues does 
not deviate conspicuously from that obtained in the commonly employed 
samples of whole stems or plants. 


DEAD PARTS AND LEAVES 


In the preceding tables the figures for the entire plant do not take ac- 
count of the dead stems and flower peduncles or of the leaves. Therefore; 
to provide for a more complete description of the plants as a whole, the 
quantities for these parts are offered (table VI). 

In the composite collection recorded as dead parts, dead shoots and the 
peduncles remaining from former flowers occur in varying proportions, de- 
pending on the age and history of the plant. Less than one-tenth of the 
dead material on the two year unirrigated plants consists of dead vegetative 
shoots, so the sample of dead portions is almost entirely composed of flower 
peduncles. On the two-year-old irrigated plants, dead shoots and twigs 
compose nearly a third of the total dead parts, on the three-year-old plants 
nearly two-thirds, and on the nine-year-old plants twigs and branches which 
have died back compose all but a small percentage of the weight recorded. 
These varying proportions of flower peduncles are largely responsible for 
the varying rubber and resin contents for the dead tissue sample. Only 
negligible amounts of rubber (about 0.3% ) are to be found in the peduncles; 
and the resin content (between 2 and 4%), is also lower than that of dead 
vegetative stems. 

With increasing age of plant the relative weight of dead parts evidently 
increases. Much of the increase is due to death of branches and twigs 
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resulting from competition within the plant, and perhaps to some extent 
from cultivation injuries. When the rubber and resin content of the whole 
plants (tables I-V) is corrected to include the dead parts, the resultant fig- 
ures represent the values to be obtained for whole defoliated plants as they 
are usually taken for analysis or commercial milling. The effect of the 
dead parts is to lower both rubber and resin concentration only slightly in 
young plants, but to lower rubber more conspicuously and to raise the resin 
concentration as advance age increases the proportion of dead twigs and 
branches. 

Leaves are not usually included in the weight of plant material as it is 


TABLE VI 


DEAD PARTS AND LEAVES 
(FoR PLANTS OF TABLES I-V) 








PLANT POPULATION SAMPLED 





























PLANT PARTS AND CONSTITUENTS 2 Yr. 2 2 Yr. 3 Yr. 3 YR. 9 Yr. 
I* IRRIG, ul IRRIG. Vv 
II IV 
Dry weight of dead stems ' 
Grams per plant ................ 13.0 19.0 66.0 73.0 190.0 
Per cent of entire defoliated plant .. 7.8 6.7 14.1 14.7 19.9 
Percentage rubber 
Dead stems occu 0.7 | 1.1 2.6 2.5 5.4 
Defoliated plant less dead stems . 10.8 | 6.4 10.7 9.1 13.4 
Defoliated plant plus dead stems 10.5 6.0 9.5 8.1 11.3 
Pereentage resin 
Dead stems oe ocenennnnnnn i 2.9 4a | 7.0 13.3 
Defoliated plant less dead stems 7.1 6.1 6.1 6.2 7.0 
Defoliated plant plus dead stems 6.7 5.9 6.5 6.3 8.4 
Leaves, fresh weight 
Grams per plant ............ ’ 93.0 106.0 | 1560 | 178.0 140.0 
Pereentage of entire leafy plant 30.0 20.0 20.0 22.0 9.0 
Leaves, dry weight 
Grams per plant ............ 36.0 42.0 63.0 75.0 | 52.0 
Percentage of entire leafy plant 18.0 13.0 12.0 13.0 5.0 











* Number of table in which same plant pepalation is consionnll 


used for experimental studies of yields or for milling operations. The very 
low rubber content makes the leaves, at best, a mere dilution factor with 
a wide seasonal variation; and they are readily removed by a parboiling 
process employed by the Intercontinental Rubber Company. After immers- 
ing the plants in boiling water for a period of five to twenty minutes, the 
leaves can easily be shaken from the plants. However, to more completely 
describe the plants, the observed weights of leaves are added (table V1). 

A conspicuous feature in the leaf weights appears only in the relatively 
small proportion of leaves on the old plants. This merely confirms a visible 
impression. On the tall old plants, crowded in the row, leafy shoots are 
confined to a horizontal plane at the top of the plant, whereas on the young 
plants the leafy shoots form a complete hemispherical canopy over the naked 
lower branches. The leaf weights recorded here are representative only of 
the early spring period of minimum leaf weight. just as the terminal buds 
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are beginning a new cycle of growth. As the leafy shoots develop in the 
spring and summer, the leaves of the last year cycle become senescent and 
wither, and by midsummer have been almost completely removed bv me- 
chanical action of wind and cultivation. In the case of the two- and three- 
year-old plants considered here, the total weight of leaves doubled by mid- 
summer, and the proportional weight of leaves increased by approximately 
50%. Following this maximum, representing almost entirely the leaves on 
the newly formed shoots, the leaf weight dropped again toward the minimum 
of the following early spring. The leaf samples recorded showed a mean 
rubber concentration of 0.3% to 0.5% and a resin content of about lu%. 
The rubber content is quite typical for leaves, though it may occasionally 
approach 1% ; the resin value seems to represent a late winter maximum in 
a range which displays values of 6% to 8% in other seasons. 

The composition of the dead branches and twigs of the nine-year-old 
plants offers a pertinent suggestion. Although many of the branches had 
grown for several years before they died, and would presumably have had 
fairly high rubber content, the rubber concentration of the dead sample is 
lower than that of any stem segment of even the two-year-old plants. As- 
sociated with this low rubber content is an extremely high resin content. 
This suggests the possibility that in the dead tissues rubber had been oxidized 
to substances which are soluble in acetone. Other interpretations are pos- 
sible, however, and the possibilities were checked in the following manner. 
Lengths of defoliated stem were oven dried, then suspended from stakes in 
the field where they were exposed to the weather from October to February. 
The rubber content during this period dropped from 9.2% to 3.6% while the 
resin content rose from 7.0% to 12.1% ; the differences required for signifi- 
cance are respectively 1.0 and 1.5 at the 1% level. Thus it seems that dead 
tissues in the field are very quickly subject to changes which transform the 
rubber into acetone soluble products. Probably sunlight is a major factor 
in this change, for the deleterious effects of light on rubber in vitro have long 
been recognized, and dried ground tissue samples held in the laboratory show 
little or no change over such a short period.* Paralleling this group of dead 
stems, defoliated fresh stems were exposed in the field to follow the changes 
associated with more natural death. However, in the damp cool weather 
natural drying proceeded very slowly. During the first two months the 
stems remained quite fresh in appearance, and after four months exposure 
they still contained 23% moisture as compared to an initial 40%, and to the 
12% which dried stems had acquired in equilibrium with the field atmos- 
phere. No perceptible change had occurred in the rubber content at this 
time, and resin content had actually decreased slightly. 


ONE-YEAR-OLD PLANTS 


Although in all the cases considered thus far the root has yielded lower 
concentration of rubber than the stems, this situation may not extend to very 


4 HoLMEs, Rairorp L. Report of experiment on storing guayule samples. Unpub- 
lished report in files of Emergency Rubber Project, Salinas, California. 1945. 
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young plants (table VII). In this case the plants approximate one-year-old 
field plants in size and rubber content. However, they are the product of 
a direct field seeding planted in September, 1943. Low temperature brought 
a cessation of growth by December, so when growth resumed in the following 
spring the above ground portion of the plant was only a rosette. Practically 
all of the stem tissue and more than nine-tenths of the root tissue recorded 
for the February, 1945 harvest is therefore a product of the 1944 growing 
season. The planting had not been irrigated since July, and a final thinning 
at that time left a field spacing of 20 by 18 inches. The plant axis was 
separated into the primary root, which was cut at about six or seven inches 
below the soil surface, and the top portion of combined crown and stems. 

In the ease of these young plants the rubber concentration of the root is 
not significantly lower than that of the stems. Within the root, the com- 


TABLE VII 


DISTRIBUTION OF RUBBER, RESIN, AND WEIGHT IN ONE-YEAR-OLD GUAYULE PLANTS. STRAIN 
593 ; SEEDED DIRECTLY IN THE FIELD SEPTEMBER, 1943; SAMPLED IN FEBRUARY, 1945 






































RUBBER RESIN Dry RUBBER 
PLANT FRACTION IN DRY IN DRY WEIGHT WEIGHT 
TISSUE TISSUE PER PLANT | PER PLANT 
% % gm. gm. 

Entire plant ........................ ill 5.89 6.09 82.9 4.88 
Stems and Crown oo... 6.04 6.50 67.3 4.06 
Hela Sal a oa we 5.25 4.33 15.6 0.82 
Root bark 10.86 7.15 6.8 0.74 
Root wood 0.92 2.15 8.8 0.08 








position of bark and wood is comparable to the two-year-old irrigated plants 
(table II). However, the proportion of bark in these smaller roots is 
greater, so the resultant rubber concentration of the whole root is higher 
than in the older plants. 

A few samples collected from a three-year-old irrigated plot in Indio, 
California, provided an opportunity to check certain features of distribution 
which had been consistently noted in plants grown under Salinas conditions. 
The planting in Indio had been irrigated frequently throughout the spring, 
summer, and autumn, which with the high temperatures, provided for a 
very vigorous growth from spring until late autumn. This offered a con- 
trast with Salinas conditions, where it seems possible that temperature limits 
growth even during the summer growing season. It also provided an ex- 
ample of the vigorous plants obtainable under irrigation in those warm areas 
of the southwest which seem promising for guayule culture. 

Samples were taken in March, 1945, to see if variously aged stem seg- 
ments show closely similar rubber concentrations, as they do in Salinas. On 
three-year-old plants, which were spaced 28 by 24 inches in the field, the 
rubber concentrations in the first, second, and third year stem segments were 
7.1%, 7.1%, and 7.5%, respectively. Resin concentrations were respectively 
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5.2%, 5.9%, and 7.1%. These are not dissimilar from the results with 
Salinas plants, for rubber concentration does not differ among the segments, 
and resin concentration is markedly higher in the most recent stem segment. 

The data from a few plants spaced more closely in the row, 28 by 12 
inches, seem anomalous. Rubber percentages were 8.4, 8.4, and 6.1, respec- 
tively, for the first year, second year, and third year stem. Distinction of 
the third annual increment of growth, however, was not certain, and as soon 
as defoliated weights were available it seemed more probable that only the 
most recent part of the third annual increment had been taken in the part 
considered the third year stem. This portion of the stem displayed several 
inerements of growth, as if cessation and renewal of growth had occurred 
more than once in a year’s period. It is possible that the close spacing 
resulted in deficiencies of water during the summer in spite of the irrigation, 
and that some of the stem lengths selected as the third year stem contained 
only the more recent growth of autumn. This together with ARTSCHWAGER’S 
observation (2) that rubber does not begin to appear in cells until they are 
perhaps two months old or more, might explain the noticeably lower rubber 
concentration in the part called third year stem. But, of course, even if 
this were the case, the rubber concentration of the complete third year seg- 
ment would probably still be lower than the other two annual segments. 
The comparable rubber concentrations in these two older segments, despite 
the difference in average age, agree with the results in other collections. 
Resin distribution is also on a familiar pattern, with percentages of 6.3 and 
6.5 for the first and second year stems, and a distinctly higher value of 7.8% 
for the most recent third year stem. 


LABORATORY DETERMINATION OF RUBBER COMPARED WITH MILL EXTRACTION 


The question may arise as to whether laboratory determinations of rubber 
contents can represent the rubber obtainable in commercial extraction, for 
the methods employed are entirely different. While the laboratory analysis 
is by means of prolonged solvent extraction, commercial recovery involves 
mastication of the plant material under water in a pebble mill, and flotation 
of the resulting agglomerates of coagulated rubber particles (10). Table 
VIII is an example of a comparison between the two methods. The mill 
extraction was performed by the Assay Laboratory of the Emergency Rub- 
ber Project, by processes which parallel those of commercial scale extraction. 
Plants of variety 593, grown for three years without irrigation in a field 
spacing of 24 by 36 inches, were used. Four replicates, involving 40 or more 
plants for each type of plant material, are averaged (table VIII). 

The data illustrate the fact that solvent extraction of plant tissue, as 
used to give the recorded rubber contents in this report, gives a reasonable 
estimate of the amount of pure rubber obtainable by pebble-mill procedures. 
When the crude rubber of the mill product is corrected for the impurities it 
contains, the resultant yield of pure rubber is very similar to that determined 
by the Spence-Caldwell solvent method. The amounts of resin and insoluble 
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materials admixed with the crude rubber are typical of the product from 
young plants; older plants usually yield somewhat purer rubber. It will 
be noticed that the proportional amount of resin in the crude rubber is much 
less than in the original plant material. 


TABLE VIII 


RUBBER CONTENT OF GUAYULE PLANTS BY MILL EXTRACTION AS COMPARED TO 
DIRECT CHEMICAL ANALYSIS OF PLANTS 














PLANT MATERIAL 





EXTRACTION METHOD AND YIELD 











ENTIRE BRANCHES 
PLANT ALONE 
% % 
Mill extraction 
Crude rubber ............... , 17.17 18.03 
Composition of crude rubber 
BNI rinses Sie 67.2 66.7 
ot 22.8 21.9 
Insoluble ................ Nate One 10.0 11.4 
Pure rubber obtained by mill process | 11.54 12.02 
Chemical analysis of plant 
iat 3 aS 11.97 12.4 
SE : | 8.70 8.92 











CONTINUED RUBBER ACCUMULATION IN OLD CELLS 


Comparison between the old plants of table V and the younger plants 
presents another intriguing question. In the root, crown, and older stems 
of the nine-year-old plants, the rubber concentration in both bark and wood 
is higher than in the corresponding parts of the younger plants, despite the 
fact that in the wood of the old stems, bands of dark discolored, presumably 
dead tissue, were frequently evident. Even in the two-year-old unirrigated 
plants of table I, with the highest net rubber content of any of the younger 
plants, the bark yielded 17.4% rubber in the root and 16.4% in the crown, 
with 1.7% and 5.9% as the respective values for the wood. All these are 
distinctly lower than the values for the nine-year-old plants of table V. This 
increase in rubber concentration as well as in total amount may result from 
two phenomena. Either rubber continues to accumulate in the original 
cells subsequent to the year of their formation, or the cells added in later 
years carry sufficiently high rubber concentrations to raise the resultant con- 
centration of the total. Apparently there is no evidence in the literature 
to show whether a given group of cells will continue to accumulate rubber 
for several years after their initiation, or whether their rubber content re- 
mains unchanged after the first year and is therefore determined by the con- 
ditions of that year. This is a question of both theoretical interest and some 
practical significance. One question in cultural practices, particularly in 
regard to irrigation, is whether it would be possible to keep the plant in 
vigorous growth during the early years in the field to produce a large plant, 
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and then to bring more intense rubber deposition throughout the plant by 
withholding water. 

The wood tissue, or rather the tissues inside the cambium, would seem 
to offer appropriate material for answering at least the theoretical question 
concerning the ability of some cells to accumulate rubber after their first 
year of existence. The tissues are arranged in order according to their 
sequence of formation in the plant. It follows then, that if the increase in 
rubber concentration for the wood cylinder as a whole is due to progressive 
enrichment by more recent layers of wood with high rubber content, the 
outer layers of wood should exhibit a much higher rubber concentration than 
the inner portion. On the other hand, if individual cells continue to ac- 
eumulate rubber over a period of years, the inner wood and pith, corre- 
sponding to the entire wood fraction of the segment when it was younger, 
should yield a higher rubber concentration than is found in the wood of 
young plants. 

A series of such comparisons is presented (table 1X). The wood samples 
employed were from the first year stem. Thus, in the case of the material 
from ten-year-old plants, the pith and innermost xylem were nearly ten years 
old. Plants providing the material were from the same planting as the 
plants of table V, but since the material was taken in the following fall and 
winter, another year of growth had been added. The lengths of stem were 
selected in the field to be unbranched and without dead branches. A sample 
for separation consisted of one or more such lengths taken from each of three 
to six plants, and from three to six such samples are averaged for each com- 
parison. In the laboratory the bark was removed and the remaining wood 
and pith portion cut into lengths of approximately 4 cm., which were further 
selected to omit any which showed remains of branches or bands of dead 
tissue. 

To answer the question investigated, the wood cylinders could be sepa- 
rated into inner and outer layers at almost any intermediate point on the 
radius, but to provide somewhat more precise information separation was 
made between specific growth rings. The exposed transverse sections at the 
ends were polished, and the circumference of the appropriate annual ring 
was marked under a magnifier. The xylem outside of this ring was then 
peeled away with a knife to provide the sample of recently formed wood, 
and the remaining inner cylinder, in which the pith always appeared to be 
intact, constituted the sample of the early formed wood. Discernment of 
annual rings is subject to some uncertainty ; the same factors that make the 
detection of annual increments of stem elongation difficult produce even 
more confusing patterns in the annular pattern of the xylem. However, 
when the total age is known it is possible to distinguish the annual rings with 
reasonable confidence. To give an approximation of the proportions of the 
wood fractions, the approximate outside radii of the several cylindrical frac- 
tions and their relative dry weights as percentages of the weight of the entire 
wood cylinders are included in the table. 
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The first comparison (A) (table IX) refers to wood taken in October 
from the first year stem of ten-year-old plants. Rubber and resins were de- 
termined by the photometric method of Traus (12). The inner portion 
includes the pith and the layers of xylem produced during the first three 
years of growth. It is therefore composed of the same cells which comprised 
the entire wood cylinder of the stem segment when the plant was three years 
old. A few of the segments in the samples, however, were separated between 
the second and third annual rings. From the rubber values of this compari- 
son it is obvious that increased rubber concentration in the wood as a whole 
with advanced age does not simply reflect an enrichment by later formed 
tissues with high rubber content. The wood added in the last seven years 
has a much lower rubber concentration than does the portion which was 
present at the end of the first three years. Furthermore, the 11.9% rubber 
now present in the part comprising the first two or three years of growth, 
but in which the oldest cells are nearly ten years old, greatly exceeds the 
concentration to be found when the oldest cells were three years old. The 
wood of the first year stem (tables I, II) after three years of growth contained 
only 6.3% rubber. The highest value for any five-plant sample included in 
this average was 6.8% ; during a year of periodic sampling which covered 
the fourth year of growth without irrigation, the highest rubber content 
encountered in any individual sample was 7.3%. In the rubber-rich unirri- 
gated plants of table I, samples of the first year wood taken in October after 
a third summer of growth to compare with the ten year plants, yielded 5.6% 
rubber with 7.4% as the maximum for any single sample. Therefore it 
seems probable that the cells of the inner part of the ten-year-old wood, those 
cells which were present when the wood was only two or three years old, have 
gained considerable amounts of rubber in the subsequent seven years. 

The procedure for the second comparison (table IX, B) was similar to 
the first one, but the wood samples were taken four months later and the 
analyses were by the method of Spence and Caldwell. Again the old inner 
portion of the wood cylinder is not only much higher in rubber concentra- 
tion (11.6%) than the layers added subsequently (5.9%), but also shows a 
higher value than it could reasonably have had when its oldest cells were 
only three years old. When the separation is made so as to include the 
fourth annual ring in the inner cylinder (C) the results are practically the 
same. However, the slightly lower rubber concentration of the inner four 
annual rings as compared to the inner three annual rings may be a true 
difference, for the net concentrations of the entire wood cylinder happen to 
be identical for the two comparisons. This slight reduction perhaps reflects 
a dilution of the three year cylinder by the fourth year wood with a lower 
rubber concentration. The remaining six outer annual rings of the latter 
comparison may also be lower in rubber than the outer seven years of the 
former one because of the somewhat lower average age. 

Somewhat more detailed information concerning rubber distribution in 
the wood is presented in comparison D. To separate the cylinder into three 
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portions representing a gradation in average age the first three annual 
rings including the pith were taken as one sample, the succeeding three 
annual rings as another, and the most recent four annual rings as the third. 
Rubber concentration decreases progressively with decreasing age which in- 
dicates, if nothing more, that the new tissues added with advancing age of 
the segment would tend to decrease rather than increase the rubber concen- 
tration of the wood cylinder as a whole. 

There is evidence in this comparison of a situation which is hinted in 
the previous ones. It appears that toward the innermost part of the wood 
cylinder rubber concentration rises more abruptly with increasing average 
age than it does in the outer parts. This suggests that a very high concen- 
tration may occur in the innermost tissues, presumably the pith. Unfor- 
tunately no samples of pith alone were taken. Although the pith comprises 
only a minute part of the wood cylinder of older stems, it is possible that the 
absence of a pith is one factor in the characteristic low rubber concentrations 
observed in the wood of roots. 

The last comparison (E) is within the wood from the first year stem of 
four-year-old plants. Periodic samples in the same population from which 
these were taken showed that the rubber concentration of the wood had in- 
creased significantly since the previous winter. Such an increase, it is evi- 
dent from the comparison within the wood, could not have been due to 
enrichment by a higher rubber concentration in the recently added wood 
tissue. The recent outer layers have a distinctly lower rubber concentration 
than does the inner part. 

The rubber content in the wood of the old plants in surprisingly high, 
in view of Whittlesey’s report that guayule wood contains no rubber. How- 
ever, the differing solvent pairs involved in the Spence-Caldwell method and 
the method of Traub are seen to give very similar results. To further check 
the identity of the rubber obtained from the wood, the rubber films obtained 
and weighed in the Spence-Caldwell procedure were submitted to analysis 
by a gravimetric rubber bromide method (14) immediately after weighing. 
Eighteen such samples, including those obtained from both old and young 
wood samples, showed an average purity of 101.5%. Whittlesey’s material 
may have undergone oxidation or offered some of the other diffieulties which 
SPENCE and CALDWELL (11) indicate for the earlier procedures in analyzing 
plant material. It is possible that the wood tissues contain a less effective 
supply of natural antioxidants than does whole stem tissue. Stored samples 
of ground wood tissue seem to decrease in rubber content much more notice- 
ably than bark or composite stem tissue. The rubber films obtained from 
the benzene extract of the wood samples of table IX did not show any dis- 
coloration, and gave the visible appearance of pure rubber. 

The very high rubber concentrations in the old inner wood might be 
interpreted as merely a reflection of disappearance of other constituents in 
the wood. Although it would be difficult to rule out this possibility com- 
pletely without following a population over several years, indirect evidence 
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urges that the results could not be attributed to a decrease in the reference 
dry weight. A drastic loss of material would be required to cause the ob- 
served increase in rubber concentration. Yet ARTSCHWAGER’s anatomical 
observations .(1) apparently did not reveal any disintegration of the inner 
xylem in old plants. Furthermore, if dry material had disappeared from 
the old xylem it would be reflected either in a reduced ratio of dry weight 
to cross sectional area or in a compression of the inner cylinder. But ealeu- 
lation from the radii and relative dry weights recorded in table LX indicates 
that the dry weight /area ratio of the inner wood cylinder is not lower than 
that of the younger outer wood. Nor is there any evidence of compression ; 
samples of three-year-old wood cylinders from the most vigorous branches 
of a three-year-old planting showed a mean diameter of 7 mm., similar to 
that of the inner three years in the old stems of table IX. As a further 
suggestion, the inner wood of comparison C (table [X) showed carbohydrate 
reserves at three-fourths the concentration found in the outer wood, and at 
about the same concentration as normally found in the wood eylinder of 
three-year-old plants at that season. This indicates that the reference dry 
weight had not been altered significantly by changes in reserve carbohy- 
drates; and, without any sign that reserves were exhausted, it seems un- 
likely that extensive dissolution of more permanent xylem constituents had 
occurred. 


Summary 


Guayule plants of various ages and cultural histories are separated into 
several portions to display the distribution of rubber and resins in terms of 
both concentration and weight. 

As the plant is normally harvested for experimental or commercial rubber 
yields, about two-thirds of the defoliated dry weight is in the branch system 
above ground, with only one-third in the impressively enlarged crown and 
root portion. A somewhat larger proportion of the total rubber is contained 
in the branches, for they usually carry a higher concentration of rubber 
than does the combined root and crown. 

The tissues of the bark are the principal site of rubber deposition. Con- 
trast between the concentration in the bark and that in the remaining wood 
eylinder is most striking in the root where the concentration in the bark may 
be eleven times that in the wood. In the branches, however, the concentra- 
tion in the bark is commonly only two or three times that of the wood; for 
the plant as a whole the bark has approximately three times the rubber con- 
centration of the wood. In terms of amounts of rubber the bark is even 
more important, because the weight of bark tissue is somewhat greater than 
the wood. Between three-fourths and four-fifths of the total rubber in a 
plant is carried in the bark. 

Because rubber is more concentrated in the bark the proportion of bark 
in the various segments of stem and root is a factor in their resultant rubber 
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contents. The proportion of bark is at a minimum in the primary root; 
consequently, this part shows a lower over-all rubber concentration than the 
other parts. From the root upward the proportion of bark increases in the 
progressively younger parts with smaller diameters. When the branch 
system is separated into the successive stem lengths corresponding to suecces- 
sive annual increments of elongation, there is a strong tendency for the 
uniform rubber concentrations through stem segments of varying average 
ages. By the time the oldest tissues in a stem segment are one year old the 
segment will frequently show as high a rubber concentration as older seg- 
ments on the same plant. When another year or two have elapsed the seg- 
ment will be as high in rubber as earlier formed segments which are several 
years older. The greater proportion of rubber-rich bark in the younger 
stems is an important factor in this apparant equilibrium; in the bark itself 
there is a noticeable but still relatively slight gradient of decreasing rubber 
concentration from the oldest stem to the youngest. Within the wood of 
plants two or three years old there may be a very slight gradient of increas- 
ing rubber from the older stems to the younger ones, but in older plants the 
gradient disappears or may be partially reversed. 

Resins or acetone soluble constituents are also concentrated in the bark. 
Stems which are no more than one year old show conspicuously higher resin 
concentrations than do older stems. 

Leaves and flower peduncles yield only insignificant amounts of rubber. 
Dead shoots and branches are relatively low in rubber as compared to live 
stems. Evidence is offered to suggest that when a branch dies a considerable 
portion of its contained rubber is converted to acetone soluble substances 
within a few months of field exposure. 

Evidence obtained by separation of the wood cylinder into annular parts 
and analyses of the variously aged components indicates that the cells of the 
inner xylem and pith continue to accumulate rubber for several years after 
they are formed. The increased rubber concentration occurring as the wood 
cylinder becomes older was found to be due to continued accumulation in 
the old inner tissues rather than to high rubber contents in the xylem added 
in later years. The inner annual rings of the xylem were much higher in 
rubber concentration than the outer ones, and higher than the corresponding 
annual rings of young plants. 


Determinations of rubber and resin were provided by the Rubber Lab- 
oratory of this project, under the direction of Rarrorp L. HouMes. Dr. W. 
F. L. Puace and Dr. J. C. UNDERWOop, of the Bureau of Agricultural and 
Industrial Chemistry are to be thanked for the estimations of rubber purity 
by the rubber tetrabromide method. 
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Crassulacean plants in general undergo diurnal variation in the acidity 
of the leaf tissue. They share this behavior in greater or less degree with 
plants of a number of other families, but crassulacean plants are the classical 
material for demonstration of the phenomenon; Bryophyllum calycinum, in 
particular, has been repeatedly investigated. Most studies have dealt with 
the titratable acidity of extracts of the leaves and with attempts to account 
for the chemical interconversions that take place in terms of reactions in 
which carbohydrates share. BENNET-CLARK (1) reviewed the earlier 
literature in 1933 and pointed out that the physico-chemical properties of 
polybasic organic acids must be taken into consideration in the interpreta- 
tion of the results of titration. He agreed with previous workers, however, 
who had claimed that malic acid is the component which increases during 
the night and decreases during illumination of the leaves. 

As a general working hypothesis to account for the observed behavior, 
BENNET-CLARK suggested that polysaccharides are converted to monosac- 
charides (sedoheptose, a 7-carbon sugar, in the case of Sedum praealtum) 
which, in turn, are oxidized to malic acid during the period when the leaves 
are darkened. The reverse reaction occurs during illumination. No evi- 
dence was obtained regarding the by-product of the conversion of monosac- 
charide to malic acid (respectively, compounds containing 6 and 4 carbon 
atoms) which was assumed to be a compound that contained either 1 or 2 
earbon atoms (3 in the case of sedoheptose). The observations suggested, 
however, that carbon dioxide is not produced, and he expressed the view that, 
whatever the nature of the by-product, it was probably ultimately converted 
back into the polysaccharide. Accordingly, in its simplest form, BENNET- 
CLARK’s speculation on the mechanisms that underlie crassulacean metabo- 
lism involves an equilibrium between malic acid and a polysaccharide; this 
equilibrium is upset in one direction or the other according to the conditions 
of illumination of the leaves. 

The most comprehensive investigations of crassulacean metabolism that 
have been made since the appearance of BENNET-CLARK’s review are those 
of Wor (14, 15, 16, 17, 18). This investigator studied organic acid frac- 
tions isolated by extraction with ether and likewise observed a reciprocal 
relationship between the quantities of organic acids and carbohydrates, 
especially starch. He confirmed GuTHRIE’s (5) observation that citric acid 
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undergoes fluctuations parallel with those of malic acid and obtained evi- 
dence for the presence of an unknown optically active organic acid which 
also shares to some extent in the changes. 

The identification in this laboratory of isocitric acid as one of the major 
organic acid components of Bryophyllum calycinum leaves (9, 12), and also 
independently at the same time by Nordal' (8) in two other species of 
Crassulaceae, has solved the problem of the nature of the so-called ecras- 
sulacean malic acid and throws light upon WoLr’s statements regarding the 
unknown optically active organic acid of Bryophyllum leaves. Moreover, 
the development in recent years of analytical techniques for the common 
plant organic acids as well as the advances that have been made in the theo- 
retical approach to the understanding of carbohydrate metabolism in living 
tissues suggested that a reinvestigation of one of the oldest problems in plant 
biochemistry might be rewarding. A report upon the changes in the chemi- 
eal composition of Bryophyllum calycinum over a period of 24 hours of 
alternate light and darkness is accordingly given in the present paper. 


Preparation of samples 


A group of 40 young plants that had been transplanted into sand in 
individual crocks on October 24, 1939 was treated with a complete culture 
solution containing nitrate as the source of nitrogen [see (11) for details 
of composition] for 126 days when four closely similar large plants and four 
similar smaller plants were selected for the experiment. On February 27, 
1940, a bright sunny day which became cloudy in the middle of the after- 
noon, a single large and a single small plant were harvested, respectively, 
at 6:10 a.m. (standard time), 12:10 p.m., 4:10 P.m., and at 6:10 A.m. the 
following morning. The 6 to 9 fleshy simple leaves in the lowest position 
on the stem (hereinafter referred to as basal leaves) were collected sepa- 
rately, the petioles being left attached to the stem. The leaflets from the 
upper compound leaves formed a second and larger sample from each plant. 
After removal of the basal leaves and leaflets, the stem with the attached 
petioles was cut at the level of the sand. For each point of time, there were 
thus two samples of leaves and one of stem and petiole tissue for each sepa- 
rate plant, or 24 in all. The samples were dried and prepared for analysis 
as previously described (10). 

Table I shows the numbers of basal leaves and of leaflets, the fresh 
weights and organic solids, the length of the stem and the organic solids 
of combined stem and petioles both for the four larger plants and the four 
smaller plants. In addition, total organie acids and starch of the leaves 
of the larger plants are included, the data being calculated in terms of 
grams per single plant. It is obvious that there was appreciable variation 
in size from plant to plant and that, unless a large number of plants were 
taken for each sample, clear conclusions could not be drawn regarding 


1 Because of war conditions, information concerning NORDAL’s observation made in 
1942 was not received in this country until 1946. 
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changes in the chemical composition. Accordingly, it was assumed that, 
notwithstanding moderate differences in size of the individual plants, the 
concentration of the several analytical components would vary with time 
in a manner that reflected the direction and magnitude of the chemical 
changes that occur. Analytical data were therefore computed in terms of 


TABLE I 


FUNDAMENTAL DATA ON SIZE AND WEIGHTS OF Bryophyllum calycinum PLANTS 
TAKEN FOR ANALYSIS AT INTERVALS OVER A PERIOD OF 24 HOURS. 
FIGURES NOT OTHERWISE DESIGNATED ARE GRAMS 
PER SINGLE PLANT 











TIME OF COLLECTION 6:10 12:10 4:10 6:10 




















A.M. P.M. P.M. A.M. 
ELAPSED TIME (HOURS ) 0 6 10 24 
Larger plants 

Number of leaves Compound leaves 20 18 20 18 
Leaflets 96 74 82 78 
Basal leaves 8 6 8 9 
Fresh weight Leaflets | 578.4 | 547.7 512.0 404.7 
Basal leaves | 221.5 | 154.1 190.7 246.0 
Total | 799.9 | 701.8 702.7 650.7 
Organie solids Leaflets 38.5 | 35.2 31.1 28.0 
Basal leaves 13.7 | 8.6 11.8 13.2 
Total 52.2 | 43.8 42.9 41.2 
Total organie acids Leaflets 16.1 11.7 9.1 11.3 
Basal leaves 4.9 2.5 3.2 4.8 
Total 21.0 | 14.2 12.3 16.1 
Organie acids as Whole plant 40.2 | 32.4 28.7 39.1 


percentage of 
organie solids 
Starch Leaflets 2. 











2.0 4.4 4.7 0.9 
Basal leaves 1.0 1.3 0.8 
Total 3.0 >44 | 6.0 1.7 
Length of stem (em.) . 08.1. 2 | 62.0 60.0 
Fresh weight Stem and petioles | 154.5 132.4 | 1425 | 139.5 
Organie solids Stem and petioles | 14.0 11.0 | 12.5 | 11.4 
Organie acids Stem and petioles 1.51 1.24 | 1.21 1.26 
Smaller plants | 
Number of leaves Compound leaves | 16 14 17 16 
Leaflets 62 43 62 59 
Basal leaves 6 ~ 7 7 
Fresh weight Leaflets 302.0 208.0 355.2 | 255.6 
Basal leaves | 190.0 1244 | 170.9 | 109.0 
Total | 492.0 | 332.4 | 5261 | 364.6 
Length of stem (em.) | 500 | 47.0 | 54.0 | 54.0 
| 117.1 107.9 


Fresh weight Stem and petioles | 114.4 87.4 


1 kilogram of fresh weight of each of the three kinds of tissue examined. 
This implies the assumption that a kilogram of leaflet tissue collected from 
Bryophyllum plants in the early morning is, within reasonable limits, the 
equivalent of a kilogram of the same tissue collected later in the day. Be- 
eause of biological variation, there can be no certainty that the successive 
lots of leaflets were identical in composition at the time the first sample was 
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collected ; nevertheless, this is tacitly assumed to have been the case when 
the composition of such samples is compared and quantitative conclusions 
are drawn. 

The present method of collection of samples was chosen so that the con- 
elusions would be valid with respect to the concentration of components in 
the tissues of a single whole plant rather than with respect to leaves of a 
certain arbitrary age or size collected at random from different plants. 
The separate collection of the basal leaves permitted comparison of the 
behavior of old with that of younger tissue. 


Results 


The analytical data are presented as a function of time in the figures. 
Complete data for the leaflets of the larger plants are shown. The behavior 
of the smaller plants was essentially a duplicate of that of the larger plants 
with respect to the directions and even the slopes of many of the curves. 
In order to avoid unnecessary complication of the diagrams, only part of 
the data for the smaller plants is therefore presented. The behavior of 
the basal leaves also in general closely resembled that of the leaflets, but 
many of the changes were less extensive. 

Observations on the leaflets of the larger plants (marked L) are plotted 
as open circles connected by full lines, those on the basal leaves (marked BL) 
as open circles connected by broken lines. Data for the smaller plants are 
plotted as filled cireles connected by full lines (marked Ls) for the leaflets 
and broken lines (marked BLs) for the basal leaves. 


CHANGES IN ACIDITY 


The top diagram of figure 1 shows the pH of extracts of the dried leaf 
tissue. Independent experiments showed that determinations of pH made 
on juice expressed from fresh tissue were identical with those made on ex- 
tracts from the same sample after it had been dried and, furthermore, that 
the pH of expressed juice is stable for at least 24 hours and is essentially 
unchanged even after the juice has been boiled. Any differences observed 
were at most a few units in the second place of decimals of pH and could 
be neglected. This result is to be anticipated because of the strong buffer- 
ing action of isocitric and malic acids in the range of these observations. 

The basal leaves were initially at a somewhat higher pH than the leaf- 
lets in both the large and the small plants but, in all samples, pH rose 
steadily during the day and fell during the night. There was a small differ- 
ence in the magnitude of the change and in the slope of the curves for the 
basal leaves in the two sizes of plants but the curves for the two sets of 
leaflets were so nearly identical that only that for the large plants is shown. 
The magnitude of the change in the leaflets was of the order of 0.75 of a 
pH unit; thus the actual concentration of hydrogen ions in the plants in 
the early morning was about 5 times as great as that present in the afternoon. 
However, this does not mean that there was 5 times as much acid, although 
it indicates a substantial change. 
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Alkalinity of ash, shown in the middle diagram of figure 1, is expressed 
in milliequivalents and represents a titration of the inorganic carbonate and 
alkaline oxide present after all organic matter had been burned away. It 
is a quantity which would not be affected by changes in the organic acids 
unless these changes led to transport of inorganic salts into or out of the 
leaves. In the present case, there was little evidence of such an effect save 
possibly in the observation at 24 hours for the basal leaves. 


ORGANIC SOLIDS 


In attempting to interpret the analytical data of the present experiment, 
it must be held in mind that each point of observation represents the com- 
position of a separate plant. That the plants in each set were not exactly 
the same in size or weight, in spite of careful selection based on a visual ap- 
praisal of their appearance, is evident from the data in table I. Neverthe- 
less, the plants were of the same age, had been grown under as nearly 
identical conditions as possible and were all members of the same clon. 
Trregularities less than about 10% that follow no consistent pattern in the 
curves are accordingly assumed to arise from such factors as biological 
variation or differences in hydration or both. Changes in the curves that 
do follow a consistent pattern and which are of a magnitude greater than 
10% are assumed to have arisen from actual changes in composition brought 
about by the conditions of illumination. All statements must therefore 
be regarded as being subject to these limitations. 

The curve for the organic solids of the leaves (fig. 1) furnishes a measure 
of the limits within which the four plants duplicate each other. The net 
accretion of organic solids from photosynthesis during the period of illumi- 
nation was manifestly too small to be demonstrated and was certainly far 
less than 10% so that change from this cause can be neglected. Loss of 
organic solids from respiration during the night also fails to show in the 
eurves. The four values for organic solids of the leaflets of the large plants 
were 66.6, 64.2, 60.8, and 69.2 gm. per kilogram. The mean is 65.2 + 3.6, 
the deviation being + 5.5% of the mean. Thus, the organic solids were 
constant well within the arbitrary limitation set. The leaflets of the smaller 
plants and the basal leaves of both sets were even less variable. Accord- 
ingly, the actual net changes in over-all organic composition as the result 
of photosynthesis, respiration, or other chemical change, or in degree of 
hydration of the tissue were of an order no greater than about 5%. 

The curve for concentration of organic solids in the leaflets of the smaller 
plants lies above that for the larger plants: the smaller plants evidently 
were somewhat less highly hydrated. The curves for the basal leaves of the 
two sets of plants are not shown since they were nearly identical with that 
for the leaflets of the larger plants. In general, then, it is evident that the 
composition of the leaves of the two sets was sufficiently constant to justify 
the assumptions made. 

The curves for organic solids likewise furnish evidence of constancy of 
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the hydration since the water content of the samples is the difference be- 
tween one kilogram and the sum of the organic solids and the ash. The 
eurve for the ash content of the leaflets at the bottom of the figure is very 
nearly a horizontal straight line. Clearly, the variation in the hydration 
was within the limits adopted. 


NITROGENOUS COMPONENTS 


No detailed examination of the nitrogenous components of the samples 
was attempted but the total nitrogen, protein nitrogen, and soluble nitrogen 
are shown in figure 2. Total nitrogen of the leaflets of the large plants 
dropped slightly during the day and the curve resembles that for organic 
solids in figure 1. The drop might therefore have been a result of a slight 
inerease in hydration rather than an indication of the presence of a smaller 
actual concentration of nitrogen in the leaflets of the plant collected in the 
afternoon. Total nitrogen of the basal leaves also dropped but there was 
no recovery during the following night. The deviation was 4.1% of the 
mean value for the leaflets of the larger plants and 6.3% for the basal leaves. 

The total nitrogen of the leaflets of the smaller plants is also shown. 
Comparison of these curves with those for organic solids (fig. 1) shows that 
the variations in nitrogen and in organic solids ran parallel with each other, 
a further indication that the small irregularities arise chiefly from moderate 
differences in hydration. 

The protein nitrogen of the leaflets underwent a change that was, how- 
ever, much too large to be attributed to such an effect. During the morn- 
ing and early afternoon, there was a decrease that amounted to about one- 
third of the protein present in the early morning, but restoration occurred 
during the night. The curve for soluble nitrogen showed a rise during the 
day and a fall at night that was symmetrical both in position and magnitude 
with the change in protein. The increase in the soluble nitrogen amounted 
to about 70% of the early morning value. Similar changes were observed 
in the leaflets of the smaller plants (not plotted). The behavior is consis- 
tent with the view that, in the younger leaves, a substantial part of the pro- 
tein underwent conversion to soluble products? during the day but was re- 
synthesized during the night. No similar behavior was observed in the 
basal leaves of the larger plants although there was a detectable rise in the 
soluble nitrogen and fall in the protein nitrogen of the basal leaves of the 
smaller plants. That the change in the quantity of soluble nitrogen, and, 
accordingly, also of the protein, was not a result of the change in pH of the 
tissues can be inferred from these observations on the basal leaves. Further- 
more, separate experiments in which the nitrogen extracted was determined 
after adjustment of the pH of a typical sample of dry leaf to various points 
within the range of the present experiment likewise showed no effect of pH 
on the solubility. 

2 That is, to products that are soluble when the dried tissue is exhaustively extracted 


with hot 70% aleohol and subsequently with hot water in preparation for the determina- 
tion of protein nitrogen in the residue. 
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Wor (14), who studied the nitrogen metabolism of crassulacean plants 
in 1931, did not encounter significant changes in the protein nitrogen of 
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Figs. 1 to 4. Composition of leaves of Bryophyllum calycinum as influenced by 


light and darkness over a period of 24 hours. Data expressed in terms of 1 kilogram of 
fresh weight of tissue. The symbol L refers to leaflets of large plants, Ls to leaflets of 
small plants, BL to basal leaves of large plants, and BLs to basal leaves of small plants. 


the leaves. The fact that the basal leaves did not exhibit such changes in 
the present experiment suggests that the material he studied may have been 
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too old for easily detectable alterations in the concentration of the protein to 
oceur. He described his material as ‘‘mittelalte Blitter.’’ 


TOTAL ORGANIC ACIDS 


Figure 3 shows the changes in total organic acids, the data from both 
large and small plants being given. The leaflets lost about one-third of the 
quantity of acid present at daybreak but this had been completely restored 
by the following morning. The change in the basal leaves was smaller; the 
concentration of acids in these was lower to begin with and the loss was only 
from one-fifth to one-quarter of the amount present in the early morning. 
Furthermore, for reasons that are not readily apparent, restoration during 
the night was less complete. Nevertheless, the classical phenomenon of 
diurnal variation in acidity is clearly evident in the leaves of both sets of 
plants. The behavior of the basal leaves is similar to that noted by WoLF 
for old leaves of the same species. 


CARBOHYDRATES 


Before going into the details of the changes in acid composition of these 
leaves, the data for stareh and soluble carbohydrates (fig. 4) should be 
considered. Starch underwent a change in concentration in the leaflets 
reciprocal to that of the total organic acids reaching its maximum late in 
the afternoon and diminishing during the night. The magnitude of the 
change was less than that of the change in the acids; the concentration of 
starch (caleulated as glucose) increased by about 6 gm. during the day, 
the parallel loss in organic acids being nearly 11 gm. During the night, 
the concentration of starch diminished by about 6.7 gm. while that of acid 
increased by about 10 gm. In the basal leaves, the loss of acid during the 
day was about 5.5 gm. and the gain of starch about 2.4 gm. as the average 
of the two sets of plants, but the gain in acids during the night was only 
about 2 gm. while the loss in starch was 3.7 gm. Clearly, the figures for 
loss and gain are in no case equal but they are nevertheless similar to the 
extent that a large change in the concentration of the acid is associated 
with a large change in starch. 

It must be remembered, however, that the quantities mentioned are 
concentrations. Reference to table I, which gives quantities per plant, 
shows that the number of grams of starch laid down in the leaves during 
the day was far less than the quantity of organic acids that disappeared. 
On the other hand, the loss of starch during the night and the gain of or- 
ganic acids were nearly equal. Thus, although it is possible that the acids 
synthesized during the night may have originated from the metabolism of 
starch, the reverse of this reaction in daylight could account for only a part of 
the acids that disappeared and the fate of the balance is by no means clear 
from the present evidence. 

Total soluble carbohydrates (lower part of fig. 4), unlike starch, showed 
no clearly evident reciprocal relationship with acid content. Although 
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there was an increase during the day and a decrease at night, the quantities 
involved were small and the behavior of the large plants differed in detail 
from that of the small plants. Whether or not the small increases during 
the day are the result of photosynthesis cannot be demonstrated since there 
was no significant change in the organic solids. The small decreases at 
night were associated with a large decrease in starch; thus if starch was 
converted into a soluble carbohydrate (glucose) as its primary decomposi- 
tion product, this substance did not accumulate. The velocity of the re- 
actions whereby soluble carbohydrates were transformed into other sub- 
stances must therefore have exceeded the velocity of the decomposition of 
the starch. 
INDIVIDUAL ORGANIC ACIDS 


Details of the changes in concentration of the organic acids are shown in 
figure 5. The outstanding change occurred with malic acid; this dropped 
from about 16.5 gm. per kilogram of fresh tissue at daybreak to about 6.7 gm. 
at 4 in the afternoon but had been restored to about 15.5 gm. by the follow- 
ing morning. The curve for the leaflets of the larger plants only is plotted ; 
that for the smaller plants was identical within a few tenths of a gram at 
all points. 

Diurnal variation in acid content of crassulacean plants has from the 
time of Mayer been held to arise from changes in the content of malic acid 
but the evidence has, for the most part, consisted in determinations of the 
titratable acid as a measure of the magnitude together with the isolation of 
malic acid from enriched specimens as proof of the nature of the dominant 
acid.* The present data rest upon determinations of malic acid by a specific 
method and are not open to doubt regarding the identity of the acid that 
underwent change in concentration. Kress and Eaeieston (7) have also 
demonstrated diurnal variation of malic, citric, and isocitrie acids in Bryo- 
phyllum leaves by specific analytical methods, and found that alterations 
in malice acid accounted for 83% of the total change. However, their ob- 
servation was based on a single brief experiment carried out in the course 
of the development of an enzymatic method to determine isocitrie acid. 

Isocitrie acid increased in concentration in the leaflets of the larger 
plants by about 1.5 gm. during the first 6 hours, diminished slightly during 
the afternoon and remained constant during the night. In the smaller 
plants, the level of isocitric acid was higher at the start and remained con- 
stant during the morning, dropped moderately during the afternoon and 
remained essentially constant during the night. Isocitrie acid in the 
younger leaf tissue therefore played a subordinate part in the changes in 
acidity ; no clear pattern of change is manifested. 

In the older basal leaves, malic acid underwent alterations that were 
similar to but less extensive than those in the leaflets. Only one set of 
data is plotted, the differences between the two sets being minor ; both showed 
a substantial loss of malic acid during the day with recovery during the 


3 See, for example, WOLF (14) who isolated and identified malic acid as its silver salt. 
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night. Isocitric acid was somewhat higher in the basal leaves of the larger 
plants than in the leaflets at the start but diminished after 6 hours to the 
same point and thereafter remained nearly constant. The curve is not 
plotted because throughout most of its course it is indistinguishable from 
that for the leaflets. 

Although citric acid makes up only a minor part of the total acids of 
Bryophyllum leaves, it shares in the progressive metabolic changes in acidity 
toa small extent. The data are shown in the lower part of figure 5. In the 
leaflets, citric acid dropped in concentration during the day by about 0.5 
gm. or, roughly, one-fifth of the quantity present at dawn, and increased 
during the following night to a level appreciably higher than that initially 
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Figs. 5 and 6. Composition of leaves of Bryophyllum calycinum as influenced by light 
and darkness over a period of 24 hours. Data expressed in terms of 1 kilogram of fresh 
weight of tissue. The symbols have the same significance as in figures 1 to 4. 


present. The leaflets of the smaller plants behaved in the same way. In the 
basal leaves, the changes were smaller and were probably scarcely significant 
although a pattern of change similar to that in the leaflets was evident. 

That citric acid, like malic acid, normally undergoes diurnal variation in 
Bryophyllum leaves was first demonstrated by GutTurim (5) although the 
relative importance of the change in the concentration of citric acid in the 
present material seems to have been rather less than it was in the leaves 
studied by that investigator. However, the observation has been confirmed 
by Wor (17) as well as by Borastrim (2) and by Kress and Eaaieston 
(7), and the present data furnish further evidence. Nevertheless, the rela- 
tive order of magnitude of the diurnal variation of citric acid seems always 
to be much smaller than that of malic acid. 
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Oxalic acid makes up a minute proportion of the total organic acids of 
Bryophyllum leaves and the curve for the leaflets (fig. 5) is indistinguish- 
able from the base line. Although there appear to have been slight changes 
in the concentration and these followed the fall and rise in malic and citric 
acids, the quantities involved were far too small to suggest that this sub- 
stance undergoes diurnal variation in concentration. A similar statement 
is true for oxalic acid in the basal leaves. 


SOLUBLE CARBOHYDRATE 


Details of the changes in soluble carbohydrates are shown in figure 6 
which is plotted on a scale five times that of figure 4. The data do not 
follow a clear-cut pattern although glucose rose slightly in the leaflets dur- 
ing the day and fell at night. Sedoheptose scarcely changed in concentra- 
tion in the leaflets during the day but fell at night. In the basal leaves, 
glucose fell during the first 6 hours, then rose rather sharply during the 
afternoon and fell during the night. Sedoheptose, however, rose signifi- 
cantly during the day and fell during the night. The data for sucrose 
show that only minor variation of the small quantity present occurred. 

The behavior of soluble carbohydrates in the smaller plants during the 
day was not exactly like that of the larger plants. None of the data have 
been plotted in order to avoid unnecessary complexity of the figure. On the 
whole, the only point on which most of the results agree is that there was a 
fall during the night. 

Glucose is doubtless the monosaccharide in immediate equilibrium with 
starch but the velocities of the reactions in which this sugar was involved 
were such that only moderate alterations in the quantity present occurred 
notwithstanding the large changes in the concentration of starch. The 
metabolic relationships of the other soluble carbohydrates are by no means 
clear but, in view of the probable reactivity of these substances, irregulari- 
ties of the type observed in the curves are all that could be expected. Truly 
significant results could be secured only if analyses were made of samples 
that represented large numbers of plants. Nevertheless, it may be noted 
that sedoheptose in the basal leaves behaved in essentially the manner ob- 
served by BENNET-CLARK. 

STEM TISSUE 


Analytical data for the stem tissue are included to illustrate the con- 
trast in behavior with that of the leaves. Figure 7 shows that the pH 
underwent diurnal variation but the initial point at pH 4.7 is appreciably 
less acid than the minimal acidity attained by the leaves in the afternoon. 
Not only is stem tissue considerably less strongly acid than leaves but the 
range through which change took place was smaller. The alkalinity of 
the ash was essentially constant save for the observation at noon; it is doubt- 
ful that the small increase at that time has significance. 

Organic solids and ash were both satisfactorily constant for the four 
plants as was total nitrogen. The nitrogen content of the stem was appreci- 
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ably greater than that of the leaf but almost half of it was nitrate nitrogen. 
Of the balance, about equal parts consisted of protein nitrogen and soluble 
nitrogen other than nitrate. In this plant, unlike tobacco, nitrate nitrogen 
is apparently accumulated in the stem; only small amounts were present in 
the leaf (fig. 2). 

Figure 8 shows the behavior of organic acids and carbohydrates. Total 
organic acids of the larger plants diminished slightly during the day and 
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Fies, 7 and 8. Composition of stems of Bryophyllum calycinum as influenced by light 
and darkness over a period of 24 hours. Data expressed in terms of 1 kilogram of fresh 
weight of tissue. The symbol S refers to stems of large plants; Ss to stems of small plants. 


increased to nearly the initial level at night but the relative magnitude of 
the change was too small to make it certain that this is an example of true 
diurnal variation. In the smaller plants, there was indeed a drop during 
the morning, but a high value for ‘‘isocitric acid’”* in the sample collected in 
the afternoon suggests that increase in this component may have occurred. 

4 Although isocitrie acid has recently been identified in the stem tissue of Bryophyl- 
lum in this laboratory, the component designated ‘‘isocitrie acid’’ in this tissue is deter- 
mined by subtracting the sum of the malic, citric, and oxalic acids from the total organic 


acids. Accordingly the presence of still other acids is not excluded. See (9) for a dis- 
cussion of this point. 
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The data for malic acid in both large and small plants show no clear evi- 
dence of change and it may be concluded that, at least as far as the present 
experiment is concerned, the stem tissue of Bryophyllum plants does not 
undergo significant diurnal variation in malic acid. Citrie acid also re- 
mained constant. 

On the other hand, there were variations in the carbohydrates that were 
obviously significant. Starch increased markedly in the stems of both sets 
of plants during the day, in fact by 30% or more of the early morning value, 
and fell well below the initial value during the night. Much of the loss at 
night can be satisfactorily accounted for by the increase in glucose although 
the accumulation of starch during the day took place during a period when 
glucose remained nearly constant, a possible evidence of transport from the 
leaves. Both sucrose and unfermentable carbohydrate (not plotted) were 
low initially and changed very little so that the major changes consisted 
essentially of alterations in the relative concentration of starch and of 
glucose. There is no indication from these curves of substantial disappear- 
ance of carbohydrate components from the stem tissue during the night as 
was the case in the leaves and, accordingly, the data for the carbohydrates 
are in essential agreement with the conclusion already drawn; namely, that 
there is no convineing evidence for the presence of the crassulacean type 
of metabolism in the stem tissue of the Bryophyllum plant. 

There remains to be explained, however, the systematic change in the 
pH. This followed a pattern entirely consistent with the view that stem 
tissue shares to a moderate extent in the diurnal change in acidity of the 
leaf tissue in spite of the fact that the acids in the stem did not change de- 
tectably in concentration. However, change in pH can equally well be 
accounted for in terms of alteration in the acid-base relationships. In 
view of the failure of the alkalinity of the ash to conform with the change 
in pH, this alteration could scarcely arise from changes in the relationships 
with inorganic components. Accordingly, in the absence of evidence, it 
may be assumed that the change in pH is the result of a temporary increase 
in organie base during’the period of illumination followed by a decrease 
at night. 

Discussion 


The present data confirm and in certain details extend previous informa- 
tion on the diurnal behavior of Bryophyllum calycinum. As has long been 
held, variation in acidity can be largely accounted for in terms of progres- 
sive alterations in the concentration of malic acid in the leaf tissue, and 
citric acid shares to a moderate extent in these changes. Isocitrie acid, al- 
though it is the second most important component of the leaves collected in 
the early morning and the predominant acid in leaves collected in the after- 
noon, did not, in the present experiment, undergo parallel systematic 
changes in concentration ; it followed, rather, an irregular course. 

There is every reason to assume that soluble carbohydrates are con- 
cerned in the reactions that take place, but the observed changes in concen- 
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tration of these components were minor ones; as has been pointed out by 
WotF, it is starch which increases markedly when the acids diminish and 
which decreases when the acids are resynthesized. Nevertheless, on chemi- 
eal grounds, it is necessary to assume that the soluble carbohydrates, espe- 
cially glucose, behave as intermediates in the series of chemical reactions so 
that the accumulation or diminution of the soluble carbohydrates is a func- 
tion of the relative velocities of these intermediate reactions. Clear demon- 
strations only of the accumulation or diminution of the respective end- 
products can be obtained. 

Present day views on the metabolism of carbohydrates in living tissues, 
especially in the animal tissues that have been chiefly studied, suggest that 
carbohydrates are linked with organic acids by means of a series of en- 
zymatic reactions most of which are reversible equilibria. Respiration in 
pigeon breast muscle as well as in many other tissues is specifically accounted 
for in terms of the Krebs tricarboxylic acid cycle and the tendency today 
is to invoke this fundamental scheme for the oxidation of carbohydrates in 
explaining many other biochemical phenomena. CHIBNALL (4) suggested 
in 1939, shortly after the scheme was originally proposed, that respiration 
in plant tissues may well be accounted for along similar lines, and the cycle 
has also served in speculative attempts to deal with some of the phenomena 
of amide metabolism in plants (13). 

Crassulacean metabolism is clearly a further case upon which light may 
be shed by the Krebs tricarboxylic acid cycle. Even in the absence of 
specific information on the enzyme systems present in Bryophyllum leaves, 
it is obvious that the transformation of starch to organic acids at night 
involves oxidative reactions and there is a possibility that these reactions 
undergo at least partial reversal when the leaves are illuminated. 

The diurnal variation in the concentration of protein in Bryophyllum 
leaves and the reciprocal relationship between protein and the concentration 
of the soluble nitrogen introduces into the general problem a new factor 
that may possibly be of great significance. Diurnal variation in leaf pro- 
tein seems rarely to have been studied. Those investigators who have 
examined the nitrogenous composition of leaves throughout a single day 
appear to have restricted their analytical examinations for the most part 
to the total nitrogen. CHIBNALL (3), however, studied the protein content 
of runner bean leaves collected at nightfall and in the early morning and 
demonstrated that there was a fall in protein during this period of 1.8% of 
the evening value, and a parallel fall of 9% in non-protein nitrogen and of 
2.5% in total nitrogen. These results were interpreted in terms of trans- 
location of protein digestion products away from the leaf during the night. 
The change is that to be anticipated in a rapidly growing plant. 

The behavior of the protein of Bryophyllum leaves appears to be some- 
thing entirely different. The data, like those of CHIBNALL, are expressed in 
terms of concentration in the fresh weight of the tissue but they refer to 
the whole of the leaflets (i.e., the younger leaves) of a single plant rather 
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than to the relative composition of opposite members of pairs of leaflets one 
of which was collected at night, the other in the morning. The phenomenon 
is a major one; it is not a measure of the small quantity of nitrogen con- 
tributed by the leaves in elaborated form to the stem and roots in order to 
care for their requirements for growth. It concerns changes in the relative 
concentrations of protein and soluble nitrogen within the leaflets themselves 
during a period of 24 hours, these changes consisting of transformation into 
a soluble form (under the conditions of the analysis) of about one-third of 
the leaf protein during the day followed by the reverse transformation dur- 
ing the night. The correlation in periodicity of this phenomenon with the 
diurnal variation in the organic acids and the starch inevitably raises the 
question of a possible connection between them. Unfortunately, too little 
is known about the metabolism of the proteins of plant leaves in general to 
warrant positive statements. It seems unlikely that diurnal variation of 
this order of magnitude should have escaped observation hitherto if it is 
a common phenomenon. That this behavior should occur only in Bryo- 
phyllum is equally unlikely ; it should certainly be looked for in other eras- 
sulacean plants. However, it may be pointed out that the energy require- 
ments of the several over-all reactions are consistent with each other. Pro- 
tein synthesis takes place during the night when starch decomposition and 
oxidation of the monosaccharides to organic acids may be supposed to supply 
the necessary energy; protein decomposition takes place during the period 
when a supply of energy is available from outside for the synthesis of starch 
and the transformation of the organic acids presumably in part to ecarbo- 
hydrates. The relationships among the numerous equilibria involved are 
manifestly extremely complex; that displacements in one direction or the 
other should oceur is not surprising but attempts to assign a reason for such 
displacements are at present premature. 


Summary 


The leaves were picked from Bryophyllum calycinum plants successively 
before daybreak, at noon, and at sunset, and again the following morning 
before daybreak. The large simple basal leaves and the leaflets of the upper 
compound leaves were kept separate. The stem with attached petioles was 
likewise harvested. Each sample was dried at 80° C. immediately after col- 
lection and determinations were made of organic and inorganic solids, pH, 
protein, soluble nitrogen, nitrate nitrogen, and of the individual organic 
acids and carbohydrates. The data were computed in terms of concentra- 
tion per kilogram of fresh tissue weighed at the time of collection. 

The classical phenomena of decrease in organic acids during the day and 
increase at night were observed and the change was found to arise largely 
from alterations in the concentration of malic acid although citrie acid 
shared to a moderate extent. Isocitric acid did not change in concentration 
in a similar regular progressive manner. Only a trace of oxalic acid was 
present and no significant change was detected. 
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Starch was synthesized during the day and the quantity that disap- 
peared at night was closely similar to the increase in the quantity of organic 
acids. Soluble carbohydrates, especially glucose and sedoheptose, varied 
between moderate limits, the behavior of glucose being consistent with the 
view that it is an intermediate in the reactions whereby starch was pre- 
sumably converted to organic acids at night. 

The protein of the leaflets underwent an extensive transformation 
during the day to products that were determined as soluble organic nitro- 
gen; this reaction was reversed during the night. 

The behavior of the stem tissue was different from that of the leaves in 
that only small changes of most of the components occurred. Although 
there was a moderate progressive change in pH similar to that in the leaves, 
there was no significant change in malice acid. The concentration of starch 
decreased substantially at night but there was a simultaneous increase in 
glucose so that the net change was small. It was concluded that the stem 
tissue of Bryophyllum calycinum does not display the classical phenomena 
of erassulacean metabolism to a significant extent. 

Although specific interpretation of the reactions is impossible in the 
absence of information on the enzyme systems present in the leaves of this 
plant, it is probable that the disappearance of starch at night coupled with 
the increase of malic and, to a lesser degree, of citric acid are the result of 
oxidation of carbohydrates by mechanisms allied to those of the Krebs tri- 
carboxylic acid cycle. To what extent the synthesis of starch and the dis- 
appearance of organic acids during the day may represent a reversal of 
the reactions that occur at night is not evident from the present data. 
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The recent introduction of the use of synthetic growth regulating sub- 
stances as herbicides is giving new stimulus to weed control activities. 
Because such substances are effective in low concentrations, killing plants 
through direct effects within the plant system and not seriously damaging 
the soil, they are especially desirable herbicides. The compound 2,4-di- 
chlorophenoxyacetic acid (2,4-D) is the most widely used growth substance 
for weed killing purposes at the present time, and it has been shown by 
several workers (6, 13, 14, 20) to have selective action, killing most broad 
leaf species, while grass species are more or less resistant. 

Plants which are susceptible to the action of 2,4-D show various morpho- 
logical and histological responses (7, 23, 25) suggesting that physiological 
reactions of the cells are affected. Further evidence of effects on the physio- 
logical activity of the plant is indicated by the decrease in the dry weight 
of treated plants (5, 16, 21) which suggests the depletion of food reserves 
and possibly an increase in the respiration rate. A temporary increase 
followed by a decrease in the sugar content has been noted in annual morn- 
ing glory |Zpomea lacumosa (16)| and in bindweed [Convolvulus arvensis 
(12)] as a result of 2,4-D applications. A similar response occurred in 
bean leaves (17) treated with alpha-naphthaleneacetic acid. The reserve 
carbohydrates of plants are rapidly depleted after treatment with 2,4-D 
(16, 21, 25) and the same effect may be caused by applications of other 
growth substances (1, 15, 17,18, 22). Increased respiration has been shown 
also to follow applications of 2,4-D (5, 21) or indoleacetie acid (19), but 
none of these responses has been satisfactorily established as a direct cause 
of the death of treated plants. 

The common dandelion (Taraxacum officinale) is readily killed by 2,4-D, 
and has been used in this study in an attempt to determine the physiological 
reactions involved in the herbicidal action of the compound. 


General methods 
Varying spray treatments with 2,4-D preparations were applied to heavy 
stands of dandelion plants in bluegrass lawns. One series of tests was run 
in August and September of 1945 and duplicated in June and July of 
1946. Four treatments consisting of control and light (120 ppm.), medium 


1 Journal paper no. J-967 of the Iowa Agricultural Experiment Station, Ames, Iowa, 
Project 944. 
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(480 ppm.) and heavy (1920 ppm.) applications of 2,4-D in Weedone were 
made in randomized blocks with 4 or 5 replications. The light applications 
killed 10 to 15% of the dandelion plants ; the medium and heavy treatments 
were about equal with kills of 90 to 100%. 

Root samples were taken at the time of treatment and 5, 10, 15, 20, and 
25 days afterward. A stratified method of sampling was used in which each 
plot was divided into four sections, each containing six sampling positions. 
At each sampling date roots were dug from one randomly designated posi- 
tion in each section within a plot and composited to make up the plot sample 
of at least 50 grams. Roots that were dead or that showed appreciable 
decomposition were not used. The samples were protected from drying and 
then taken to the laboratory, washed, and quickly killed in boiling 80% 
alcohol. 

Two other blocks of plots were used; one in the summer of 1946 for 
additional studies of the effect of 2,4-D on root respiration, and one in the 
fall to compare the actions of kerosene and sodium chlorate with 2,4-D. 
Randomization and sampling procedures were the same as in the main 
experiments. 

Extraction of sugars and non-protein nitrogen in the samples for chemi- 
eal analyses was completed with 80% alcohol. Methods given by Loomis 
and SHutz (12) were followed in clearing the sugar solutions with neutral 
lead acetate and estimating sugars by the Munson-Walker-Bertrand method. 
Sucrose was hydrolyzed with invertase. Dextrin and levulins were ex- 
tracted with hot water and estimated by the method given by Loomis and 
SuHuitz (12) with correction for levulose lost in dextrin hydrolysis. Starch 
was not present, and hemicellulose determinations were not made. Total 
nitrogen in the alcohol extract, by the reduced iron method, is reported as 
alcohol-soluble or non-protein nitrogen, and that of the residue as protein 
nitrogen. 

Respiration measurements were made by sealing 50-gm. samples of roots 
in special mereury-sealed, one-liter flasks developed in this laboratory, and 
analyzing samples of gas from the flask after 15 to 16 hours. Volumes were 
corrected to s.t.p. and calculated as milliliters CO, produced per kilogram 
dry root substance per hour. 


The effect of 2,4-D on the chemical composition of dandelion roots 
METHOps 


The changing composition of dandelion roots as influenced by 2,4-D 
applications at three concentrations was determined over a period of twenty- 
five days after treatment. None of the roots showed signs of splitting as a 
result of any increased growth which might have occurred. The root popu- 
lations of the plots under the medium and heavy treatments were noticeably 
reduced because many plants were completely killed by the time of the last 
two samplings. Consequently, the samples on which composition studies 
were made consisted only of those roots which had resisted the action of the 
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treatment enough to be still present. When the twenty- and twenty-five-day 
samples were taken, most of the top growth appeared dead under the medium 
treatment and only a slight trace of life in the tops was found under the 
heavy treatment, however, some of these plants which appeared to be dead, 
even down into the crown, still had roots which appeared normal after the 
erown was removed. 

The results of the two main experiments, run in 1945 and 1946, were 
very similar; we have, therefore, conserved space by showing data only for 
the latter season. 

RESULTS 


REDUCING sUGARS.—Reducing sugars are formed by plants during photo- 
synthesis or by digestion of reserves, and are utilized in respiration or as 
building materials in the synthesis of protoplasm, cell walls, and storage 
forms. Any change, therefore, in the quantity of these sugars present as 
a result of 2,4-D application indicates the possible reactions that are being 
affected. The reducing sugars present in 100 gm. of fresh dandelion roots 
from the 1946 tests are shown in figure 1 as percentages of the fresh weight. 

The percentage of reducing sugars in the roots before treatment was 
slightly higher in 1945 than in 1946, and the reductions shown in figure 1 
at 20 days started at 10 or 15 days. In both seasons treatments with 2,4-D 
caused an early rapid increase in reducing sugars followed by a decrease. 
A large increase in the reducing sugar content of roots suggests an acceler- 
ated hydrolysis of the polysaccharide reserves. The later decline might 
result either from a slowing down of the hydrolytic action or an exhaustion 
of the reserve carbohydrates. 

Sucrose.—The sucrose content of the 1946 roots and the changes result- 
ing from the treatments are plotted as percentages of the fresh weights in’ 
figure 2. The initial sucrose content of the roots was about 1% higher in 
the 1946 samples taken in early summer than in the late summer samples 
of 1945. In both tests the 2,4-D applications caused a slight decrease in 
sucrose while the controls were showing an increase. 

POLYSACCHARIDES.—The polysaccharide reserves of dandelion roots are 
mainly a mixture of dextrins and levulins, as shown by Loomis (11) and 
verified by tests of our material. Dextrins constituted 2 to 3% and levulins 
6 to 10% of the fresh weight of the freshly dug, untreated roots; both frac- 
tions being somewhat higher in 1946 than in 1945. Dextrin percentages 
dropped to about half of the control values with medium and heavy 2,4-D 
treatments. Percentage losses of levulins were comparable, with total losses 
correspondingly greater. The 1946 data for levulins are plotted in figure 3. 
The light treatment, which killed only a small percentage of the plants, gave 
the smallest levulin and dextrin losses, but considerable quantities of poly- 
saccharide reserves were left in the heavier treatments which gave 90 to 
100% kills. Disintegration of the dead roots was so rapid that it was not 
possible to obtain samples at what might be considered the death point. 
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Plants were dying rapidly in 15 days, however, and by 25 days it was diffi- 


eult to find enough roots for samples. 


It seems to be a fair assumption, 


therefore, that the roots died before their reserves were exhausted. This 
conclusion is supported by the data for total reserves (sucrose, dextrins, 
and levulins) shown in figure 4. 
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Fie, 3. Percentages of levulin in control and treated dandelion roots—fresh weight 


The decrease in reserve carbohydrates was very much more than enough 
to account for the increase in hexose sugars, which suggests that a large 
amount of the sugars resulting from the hydrolysis of reserve foods was 
either used up in respiration or in the synthesis of non-carbohydrate mate- 


rials or both. 


NITROGEN ANALYSES.—The nitrogen content of plant parts gives an indi- 


eation of the physiological reactions that are taking place. 


A high soluble 


nitrogen content indicates synthesis or hydrolysis and may stimulate new 
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growth. The protein-nitrogen content indicates whether protoplasm is 
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being synthesized or destroyed. 


Nitrogen soluble in 80% alcohol (non-protein N) was less than 0.03% 
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in June of 1946 and up as high as 0.08% in August of 1945, with an upward 
The effect of 2,4-D treatments (fig. 5) 
was to raise these percentages by 2 to 5 times, with the heavy treatment 


trend in the controls of both series. 
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tending to show the least effect and the light treatment the most. 
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nitrogen is considered to be stimulating for cell division (10), these results 
suggest that the lighter treatments should have been more stimulating, while 
the heavier were showing direct toxicity. 

The protein nitrogen also showed a tendency to increase during the 
period of each test, although the light and heavy treaments of 2,4-D did not 
cause much deviation from the controls. The medium treatment caused the 
greatest change, showing an accelerated increase which reached a maximum 
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fresh weight basis. 


fifteen days after treatment. The increase in both protein nitrogen and 
soluble nitrogen suggests an increased rate of absorption of nitrogen com- 
pounds from the soil and the synthesis of amino acids and proteins. It is 
possible that the increased protein nitrogen was merely an indication of the 
depletion of the carbohydrate reserves, but the expression of the results on 
a fresh weight basis would reduce this error, and the small increases in the 
heavy treatment, which gave the largest carbohydrate losses, suggest that it 
was not a factor. 
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The effect of 2,4-D on the respiration of dandelion roots 


The rate of respiration in plant tissue is a measure of reaction intensity, 
and it is affected by both internal and external factors. The application of 
toxic substances to plants often stimulates an increase, usually followed by 
a decrease, in respiration while the normal response to a small quantity of 
growth substance is an increase in respiration which continues at a high 
rate as long as the reactions are possible (4, 24). 

The rate of respiration of root samples from the 1946 test, on which 
chemical composition studies were also made, are shown in figure 6. The 
treatment with 2,4-D caused an early, rapid increase, with the medium treat- 
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Fig. 6. Rates of respiration in dandelion roots. 


ment producing the greatest response, which continued throughout the 
period of the test. The percentage increases for the plants receiving the 
medium treatment were 92, 75, 83, and 66 at 10, 15, 20, and 25 days, respec- 
tively; after treatment. This increased respiration rate with the medium 
treatment was concurrent with the increased reducing sugar content (fig. 1), 
and suggests the possibility of the high sugar content causing the accelerated 
rate of respiration. The heavy treatment of 2,4-D, however, indicates that 
the effects on sugars and respiration are two separate processes, as this treat- 
ment increased the sugar content considerably throughout the test periods, 
but increased respiration only slightly for the first 15 days, after which it 
decreased, even though the sugar content was high. 

The results between 5 and 15 days would fit well an hypothesis of a toxic 
action of 2,4-D, with an increasing stimulation of respiration from light to 
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medium treatments and a drop with the excess, heavy treatment. The 
20-day lows for light and heavy applications would then represent, respec- 
tively, the wearing off of the light effect and progressive destruction of proto- 
plasm and enzymes with the heavy treatment. If this hypothesis is accepted 
it should be noted that the stimulating effect of the medium treatment on 
respiration continued until near the death of the roots. A second series of 
experiments with the medium treatment only showed this same effect; respi- 
ration was doubled within 10 days after treatment and remained high until 
the death of the plants. If these reactions are indicators of direct proto- 
plasmic toxicity, as we believe they are, they indicate an action on some part 
of the cell not directly concerned with respiration. 


The comparative action of 2,4-D and other herbicides 
METHODS 


An experiment was run to compare the effects of 2,4-D, 960 ppm., with 
kerosene, 200 gal. an acre and sodium chlorate, 475 pounds an acre, when 
applied in the fall of the year. Kerosene was used because it has been shown 
by Loomis (11) to have selective herbicidal action in killing dandelions in 
lawns. Sodium chlorate is a commonly used herbicide which has been shown 
by BAKKE, GAESSLER, and Loomis (2) to cause a depletion of the food re- 
serves in bindweed. 

The chemical determinations reported for the fall experiments were 

made on samples taken 4 and 14 days after application of the treatments. 
The data for the two determinations are shown in table I. The data of the 
14-day analyses were analyzed statistically, and the mean significant dif- 
ference was calculated for comparing the values for the 2,4-D treatment with 
the others. 

TABLE I 


CARBOHYDRATE ANALYSES OF DANDELION ROOTS TAKEN 4 AND 14 DAYS AFTER TREATMENT. 
MEANs OF THREE REPLICATES EXPRESSED AS MILLIGRAMS PER 100 GRAMS OF FRESH ROOTS 












































REDUCING co ream 
SUGAR SUCROSE DEXTRIN LEVULIN 
TREATMENT giashioabiipweses = iinameilsalh oul sreieil ies a setae 
14 14 7 14 14 
4DAYS| paygt |*PAYS| payst | #PAYS| payst | *PAYS| paves 
NE, 5 iin inasinnine 302 140 2733 2688 2060 2598 6833 7916 
Kerosene .................. 970 1467 1743 2432 1888 | 1305 6432 3676 
Sodium chlorate 152 457 1382 1767 2225 | 1912 7991 5834 
Sanaa 323 410 | 1621 1662 1768 1270 | 5885 3564 











* Significant mean difference from 2,4-D 410 + 286. 
t Significant mean difference from 2,4-D 1662 + 532. 
t Significant mean difference from 2,4-D 1270 + 571. 
§ Significant mean difference from 2,4-D 3564 + 1759. 


RESULTS 


CARBOHYDRATES.—Kerosene caused an increase in reducing sugar to a 
percentage significantly higher than that for 2,4-D. The 2,4-D treatment in 
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this fall test did not cause a significant increase in reducing sugar over the 
untreated controls, differing in this respect from the large increases caused 
in the summer tests. 

At 4 days after treatment the sucrose content was significantly lower in 
the roots from treated plots compared with control, but there was no differ- 
ence among the three herbicides. At 14 days, however, 2,4-D and sodium 
chlorate-treated roots were still lower in sucrose than the control, but the 
sucrose had increased under the kerosene treatment to a level significantly 
higher than the other two herbicides, and equal to the control (table I). 

Four days after treatment there were no significant effects on the dextrin 
content of the roots. At 14 days the dextrin content in the roots from plots 
treated with the herbicides was significantly lower than in the controls. The 
dextrin content of the 2,4-D-treated roots was lower than the sodium 
chlorate-treated roots; kerosene and 2,4-D caused comparable changes in 
the dextrin content. 


TABLE II 


NITROGEN ANALYSES OF DANDELION ROOTS TAKEN 4 AND 14 DAYS AFTER TREATMENT. 
DATA ARE MILLIGRAMS PER 100 GRAMS OF FRESH ROOTS 











SOLUBLE NITROGEN PROTEIN NITROGEN 




















TREATMENT —+-— 
4 DAYS 14 pays* 4 DAYS 14 payst 
Ce i Se 171 207 171 173 
TRL POT 143 189 196 | 222 
Sodium chlorate ............ 216 197 | 193 200 
Gaee (2800.6 134 100 184 | 198 








* Significant mean difference from 2,4-D 100 + 68. 

t Significant mean difference from 2,4-D 198 + 11. 

There were no significant differences in the levulin content four days 
after treatment although the 2,4-D treatment showed a lower quantity than 
the other treatments. The levulin content decreased for each of the herbi- 
cidal treatments to a level significantly below the control by the fourteenth 
day. There was no difference in the effect of 2,4-D and kerosene on the 
levulin content, but the sodium chlorate treatment was significantly higher. 

NiITROGEN.—The total soluble nitrogen content of the roots and the effect 
of the treatments on. this component are shown in table II. The differences 
four days after treatment were not significant, as indicated by an analysis of 
variance. However, by 14 days after treatment the quantity of soluble 
nitrogen in the roots from plots treated with 2,4-D had decreased to a level 
significantly below all of the other treatments. This response is different 
from the effect produced by the lighter applications in the summer tests in 
which the soluble nitrogen increased in the roots. 

The herbicidal treatments caused an increase in the protein nitrogen of 
the roots, as shown also in table II. The differences, however, were small 
and were not significant until 14 days after treatment. The 2,4-D and 
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sodium chlorate gave the same response, while kerosene caused an increase 
significantly higher than 2,4-D. 

RESPIRATION RATES.— When root samples were taken for chemical analy- 
sis, enough extra roots were dug to make respiration rate measurements on 
each treatment with two replicates. The mean rates of respiration and the 
respiratory quotient for each treatment are given in table III. Both 2,4-D 
and kerosene caused large increases in the rate of respiration, but the type of 
materials being utilized or some steps in the process were evidently different, 
as indicated by the higher respiratory quotient for the kerosene treatment. 

In this test the 2,4-D treatment caused a large increase in respiration, 
but did not cause an increase in reducing sugars (table I), which indicates 
again that the respiration rate of the 2,4-D treated roots was not correlated 
with sugar content. 


TABLE III 


RESPIRATION RATES EXPRESSED IN MILLILITERS CO, PER KILOGRAM OF DRY ROOT MATERIAL 
PER HOUR, AND THE RESPIRATORY QUOTIENTS OF DANDELION ROOTS—1946 























DAYS AFTER TREATMENT 
RESPIRATORY 
TREATMENT ; - re - QUOTIENT 
I a i Sa 405 408 0.94 
ae ee 934 869 1.24 
Sodium chlorate ........... “s 462 645 0.96 
2,4-D —_ 682 | 1059 0.97 











Discussion 


The reducing sugar content of the roots from treated pants was in- 
creased but the sucrose content was decreased more than enough to account 
for the rise in reducing sugar, the net effect being a decrease in total sugars. 
The reserve polysaccharides, dextrin and levulin, decreased rapidly after the 
2,4-D treatment. These changes in the carbohydrates of the roots are in 
agreement with those reported by SmirH, HAMNER, and Cartson (21) for 
bindweed roots, and MirrcHeit and Brown (16) for annual morning glory. 
Other growth substances produce similar effects according to several investi- 
gators (1, 15, 17, 18,22). The increase in reducing sugars is probably the 
result of an accelerated hydrolysis of reserve carbohydrates. Depletion of 
the total carbohydrate reserves was marked, but it is doubtful that the plants 
were killed by starvation, since the greatest decreases amounted to only 68% 
of the total in 1945 and 49% in 1946. The carbohydrate losses caused by the 
three concentrations of 2,4-D after 25 days are summarized in table IV. 
The milligrams of total carbohydrates lost as a result of each treatment con- 
centration were about the same each year even though the percentage de- 
crease was greatest in 1945. It is interesting to note that increasing the 
concentration of 2,4-D four times (120 to 480 ppm.) caused a twofold de- 
crease in carbohydrates, while a further concentration increase of four times 
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(480 to 1920 ppm.) caused only a slight additional decrease, showing that 
the lower concentrations of 2,4-D gave the greatest physiological response in 
relation to the quantity applied. 

The decrease in carbohydrate content of the roots is reflected in a de- 
erease in the total dry weight of the roots, and a comparison of these de- 
creases gives an indication of the reactions involved. A deerease in dry 
weight equal to the decrease in carbohydrates suggests utilization of the 
carbohydrates in respiration, while a decrease in dry weight less than the 
decrease in carbohydrates would indicate some synthesis of non-carbohy- 
drate materials. We found in our experiments that the decrease in dry 
weight was practically equivalent to the loss in carbohydrates, indicating 
that very little if any carbohydrate was converted into non-carbohydrate 






































TABLE IV 
DECREASE OF RESERVE CARBOHYDRATES CAUSED BY 2,4-D, 25 DAYS APTER TREATMENT 
TREAT- 
MENT— SUCROSE DEXTRIN LEVULIN TOTAL 
2,4-D 
1945 
mg. % mg. % mg. % mg. % 
Light ............. 983 36 310 19 1586 29 2880 29 
Medium ........ 1446 54 691 42 3314 61 5452 56 
Heavy ........... 1857 69 879 53 3942 73 6679 68 
| SR eee. i: 
Light ............. 879 32 430 18 | 1613 19 2921 22 
Medium ......... 1062 39 1082 45 | 4098 49 6241 46 
Heavy ......... 1284 47 1063 44 | 4331 51 6677 49 


























material. Consequently little or no growth or differentiation should be 
shown, and in confirmation there were no indications of growth in the dande- 
lion roots at any time during the tests. In this respect the response of 
dandelion roots is different from that of bindweed and sow thistle roots 
reported by Tukey et al. (25) who observed large increases in root and 
rhizome diameters accompanied by splitting. They also found that starch 
disappearance was correlated with new cell growth. It is probable that 
detailed histological studies of the dandelion root would reveal at least some 
growth or differentiation, since such a response in other plants has been 
shown by several investigators (3, 8, 9, 23). Apparently, however, the 
growth responses are small in the dandelion roots. 

The 2,4-D applications approximately doubled the respiration rates of 
the dandelion roots. The heavy application, which was the most rapidly 
toxic to the plants, caused only a temporary increase in respiration which 
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dropped back to normal or below after 15 days. The medium treatment, 
which was sufficiently toxic to kill most of the dandelions, caused a large 
increase in respiration which remained high throughout the test, showing 
only a slight drop after 20 days. 

Since the decrease in carbohydrates was apparently all due to oxidation, 
the question was raised as to whether the increased rate of respiration was 
sufficient to account for the carbohydrate loss. To accurately determine the 
balance between the rate of respiration and carbohydrate loss would require 
information on the rate of photosynthesis, and such data were not obtained. 
The data we have, however, give some indication of the balance. The mean 
daily loss of carbohydrates was determined and the rate of respiration neces- 
sary to account for the loss was calculated. It was estimated that if the 
light and medium treatments caused a decrease in photosynthesis of one 
third, then the observed rate of respiration would account for the loss of 
carbohydrate. The heavy application would have had to practically stop 
photosynthesis in order for the observed rate of respiration to account for 
the carbohydrate loss. Since the leaves were quickly killed by this spray 
this assumption is not unreasonable. 

A study of the effect of 2,4-D, kerosene, and sodium chlorate on the com- 
position and respiration rate of dandelion roots showed that 2,4-D and 
sodium chlorate had the same effect on reducing sugars, while kerosene 
caused a much greater increase in reducing sugars and only a slight decrease 
in sucrose. Kerosene and 2,4-D caused similar decreases in dextrin and 
levulin, while sodium chlorate was less effective. A check on May 20, 1947 
of the plots of the 1946 fall test showed nearly a complete eradication of the 
dandelions in the 2,4-D plots, and practically equal kills with kerosene, while 
the sodium chlorate treatment was the least effective. The grass was nearly 
all killed by the chlorate, slightly injured by the kerosene, but not visibly 
injured with 2,4-D. 

The striking effects of the differential herbicides, 2,4-D and kerosene, 
were increased digestion and respiration of reserve carbohydrates. The 
plants did not, as early popular accounts have suggested, ‘‘grow themselves 
to death’’; neither did they starve to death, and the respiration should in 
our opinion be classed as a symptom of specific toxic effects rather than the 
direct cause of injury. The resistance of the grasses and of some other 
plants to these differential sprays suggests that the toxicity of these sub- 
stances may be directed toward certain cytoplasmic compounds, probably 
proteins, which vary between families and to a lesser extent between genera 
or species. 


Summary 


1. The reducing sugar content of dandelion roots increased rapidly fol- 
lowing applications of 2,4-dichlorophenoxyacetic acid, but later decreased 
towards the level of the control. The sucrose of the roots declined slowly 
after treatment, and the dextrin and levulin contents decreased rapidly. 
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The decrease of carbohydrate reserves was considerably more than enough to 
account for the increase in reducing sugar. It was found that the loss could 
be roughly accounted for by the increased rate of respiration, indicating 
little if any utilization of sugars for growth response. 

2. Respiration rates increased with the 2,4-D; the low concentration 
giving only a temporary stimulus with a return to normal, possibly because 
of the small quantity of 2,4-D, while the medium concentration gave the 
greatest increase which remained high as long as the roots were alive. The 
highest concentration caused a temporary increase followed by a decrease. 

3. A comparative test of 2,4-D with kerosene and sodium chlorate showed 
that 2,4-D and kerosene were equally effective in decreasing the carbohy- 
drate reserves and in increasing the rate of respiration, of dandelion roots, 
while sodium chlorate was less effective. Kerosene and 2,4-D were approxi- 
mately equal in eradicating the dandelions with little or no effect on the 
grass, while sodium chlorate gave slightly less kill of dandelions and killed 
nearly all of the grass. 

4. From the results of the studies it appears that the action on dandelion 
of 2,4-D in herbicidal concentrations is principally the destruction of carbo- 
hydrate reserves, with most of the loss being accounted for by increased 
respiration. It seems improbable that these effects alone can account for 
the lethal action of 2,4-D and we have postulated that they are symptoms of 
direct, specific, protoplasmic toxicity rather than causes of injury. 


The author is indebted to Pror. W. E. Loomis, Department of Botany, 
lowa State College, for direction during the research and assistance in the 
preparation of the manuscript. 
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GROWTH OF THE DANDELION SCAPE? 
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The growth of the flowering stalk of dandelion, Taraxacum officinale, is 
of considerable interest because of the presence of two distinct periods of 
rapid growth. The last of these precedes and accompanies the maturation 
of the fruit, and represents a resumption of rapid growth in what would 
normally be considered a mature organ. 

Mryake (8, 9) showed that growth of the dandelion scape may be divided 
into three phases : the first a fairly rapid, uniform growth, the second a phase 
of slow growth; and the third, a rapid growth in the upper portions of the 
organ. ScHMALFuSz (10) showed that mitotic apres were present in elon- 
gating scapes up to the stage of shedding ripg fruits and were especially 
frequent preceding the periods of greatest scape elongation. 

As a part of a general study of the mechanism of cell elongation the ex- 
periments of Mryake and ScHMALFusz have been repeated and extended. 
The data presented were obtained from extensive studies of the regions and 
periods of cell division and elongation in the dandelion scape, together with 
studies of cell volume, green and dry weight, and nitrogen content on a per 
eell basis. 


Cell division and enlargement 
GROWTH OF SCAPE 


A uniform plot of uncut sod with a large proportion of dandelions was 
used for these studies. The dandelion scapes grew irregularly over a period 
of 32 days. In the first phase, which occupied about nine days in the mate- 
rial tested and lasted from the first appearance of the scape until the blossom 
opened, the scapes grew rapidly and uniformly throughout their length. 
The second phase, a period of slow scape growth, began just before the blos- 
som closed and extended over a period of about twelve days, corresponding 
to the time of embryo development. The final phase covered an eleven-day 
period beginning sometime before the opening of the seed head and con- 
tinuing for several days after all the seeds were dispersed. During this time 
the scapes again grew vigorously. 

The growth curve for the whole scape, based on the average of values for 
forty typical seapes, is shown (fig. la). Whereas the usual growth curve 
of an organ is S-shaped, this curve has two S-shaped regions with a flat 
region of slow growth interposed. For comparison the growth curves of the 


1A portion of a thesis presented to the Graduate Faculty of the Iowa State College 
in partial fulfillment of the requirements for the degree Doctor of Philosophy. A complete 
copy of the thesis is on file at the College Library. 
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Fie. 1, Growth of the dandelion seape. a. Average scape; b. short scape; e. tall 
scape. 


single scape attaining the smallest final length (fig. 1b) and the single scape 
attaining the greatest final length (fig. 1c) are also shown. The shape of 
these three curves is similar and the three phases can be distinguished in 
each. 
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CELL GROWTH AND SECTION GROWTH 


Bud-seapes averaging 7.26 cm. in length were marked with India ink 
at 1-em. intervals for the main growth experiment. Eight times during the 
period of development the lengths of the sections between markings were 
recorded. The average cell length in stripped epidermal sections from 
parallel material, mounted in water, was measured with an eyepiece microm- 
eter at the same times. Cell length at each stage was determined for sec- 
tions of the scape immediately under the floral parts (top), center-scape 
sections (center), and sections at the base of the scape (base). For each 
section at a given stage, twenty epidermal cell lengths were measured from 
each of four scapes and the average of these eighty cells used for estimations 
of changes in cell size and number. In parallel experiments bud-seapes as 
small as 1 em. in length were marked with India ink to observe zonal growth, 
and epidermal sections were measured for cell length. 

Data from these experiments are summarized (table I, fig. 2). In the 
earliest stages, before the bud-scapes were 5 em. long, cell division was rapid 
in the upper portions of the scape as shown by the small or negative increase 
in cell lengths and the doubling in length of the sections. Basal sections 
showed less cell division ; however, the small increase in cell length relative 
to section length at the 5-cm. stage is interpreted as cell division. At stage 
**A,’’ blossom open, all three zones grew rapidly and primarily by cel! 
elongation. After the blossom head closed, the scape grew very slowly. 
The elongated cells in the sections at the top of the scape underwent an 
average of one division each, as the average cell length decreased by about 
half and the scape as a whole showed little elongation. In the middle of 
the scape cell divisions also occurred, but probably only about half of the 
cells (the longer ones) divided, and no more than one division oceurred in 
any one cell. At the base of the scape there was even less activity, and prob- 
ably only seattered cell divisions occurred in the longer cells, as the average 
epidermal cell length decreased only slowly and to a small extent. 

During the last rapid growth of the scape, cell elongation again kept 
pace with scape elongation, indicating that few or no cell divisions occurred 
at this time. The most rapid growth took place at the upper end of the 
scape. The center of the scape showed less growth, and the base showed 
only a small amount of elongation. 

Camera lucida drawings of epidermal cells from the center of typical 
dandelion scapes at the various stages, show the sequence of events in the 
cells during seape growth (fig. 3). The small cells seen in the bud-seape 
(fig. 3A, 3B) elongated until they attained a great length at the open blos- 
som stage (fig. 3C). After the blossom closed, these extremely long cells 
began to divide (fig. 3D) and the new cell walls (shown as stippled) were 
easily distinguishable from the older walls, being less distinct in appearance. 
Before the seed head opened none of the very long cells was visible, cell 
divisions having produced two shorter cells for each long one (fig. 3E). As 
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Fig. 2. Elongation of epidermal cells and of marked sections of dandelion scape. 
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the seed head opened (fig. 3F) the cells were again elongating, although they 
never attained the length they had during the period of blossoming. 
















































































r 
Fie. 3. Epidermal cells from the center of the dandelion seape during growth. 
Figures were drawn from living material with the aid of the camera lucida. a. Epidermal 
cells of the 2-em. bud-scape; b. epidermal celJ« of the 5-em. bud-scape; ¢. epidermal cells 
of the blossom-scape; d. epidermal cells ot the scape several days after blossoming; 


e. epidermal cells of the scape several days before opening of the seed head; f. epidermal 
cells of the seape of the open seed head. 
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CELL ELONGATION IN EXCISED SECTIONS 


Sections of scape 1 em. in length grew very satisfactorily in indoleacetic 
acid—sucrose solutions in Petri dishes, elongating as much as two or three 
times in a period of several days under favorable conditions. It was un- 
necessary to use any sterile precautions, since changing the solutions once 
a day prevented excessive bacterial contamination for as long as four days. 
A 1% concentration of sucrose was found satisfactory, higher concentrations 
shortening the number of days during which it was possible to grow un- 
sterile sections of scape without tissue deterioration. Indoleacetic acid gave 
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best results at 1 p.p.m.to5 p.p.m. The addition of sources of nitrogen and 
phosphorus increased contamination and did not accelerate growth of seape 
material. 

Top sections of bud-scapes showed the greatest increase in length in 
solution, blossom-scapes elongating moderately but not to the same extent, 
and the older scapes showing even less growth. The relatively great elonga- 
tion of the bud-seapes was to be expected, since the cells of such seapes were 
small, and rapid growth of the intact organ normally occurs at this time. 
The elongation rate of sections of bud-scape in sucrose-auxin solution was 
comparable to that which occurred on the plant. Elongation of top sec- 
tions of the scape of the closed flower, ‘‘F,’’ did not approach that attained 
in the plant, sections elongating only 50% under the most favorable con- 
ditions of temperature and indoleacetic acid concentration. 


TABLE II 


ELONGATION OF SECTIONS AND OF EPIDERMAL CELLS OF THE DANDELION BUD-SCAPE DURING 
24 HOURS IN a 1% SUCROSE SOLUTION CONTAINING 5 MG. INDOLEACETIC ACID 
PER LITER. (AVERAGE OF 10 SECTIONS OR OF 80 CELLS) 




















FINAL LENGTH* OF FINAL LENGTH? OF INCREASE IN LENGTH 
TEMPERATURE SECTIONS EPIDERMAL CELLS OF EPIDERMAL CELLS 
°C, em. “ % 

0.5 1.10 34.7 37.7 
5.0 1.13 33.4 32.5 
10.0 1.27 28.7 13.9 
14.0 1.50 41.7 65.5 
20.5 1.60 42.8 69.8 
23.0 1.53 45.7 81.3 
27.0 1.87 48.5 92.5 
31.0 1.60 50.1 98.8 
35.0 1.53 34.7 37.7 











* Initial length of sections, 1 em. 
t Initial length of epidermal cells, 25.2 em, 


The elongation of sections and epidermal cells of the dandelion bud-seape 
during 24 hours in solution at various temperatures is shown in table II. 
These results are typical of three similar experiments. Although cell divi- 
sion occurred in scapes which remained in solution several days, no evidence 
of cell division was obtained in the 24-hour period, cell elongation being of 
the same magnitude as section elongation within the limits of variability. 
Rise of temperature markedly increased the rate of cell elongation. As in- 
crease of temperature does not accelerate physical processes to any marked 
extent, the large increase of cell elongation rates with rising temperatures 
indicates that chemical reactions are involved. 


Nitrogen and dry weight changes 


Nitrogen determinations were made by the semi-micro Kjeldahl method, 
using essentially the procedure proposed by Ma and Zuazaca (7). Samples 
for fresh weight, dry weight, and nitrogen determinations were collected on 
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the same days that cell lengths were studied, and comparable scape material 
was used. A comparison of total nitrogen with protein and non-protein 
nitrogen was made on sections from control parts of scapes at all critical 
stages, using the method outlined by BLANK and FrRey-Wysstine (3) for 
separation of protein and non-protein nitrogen. 
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Fie. 4. Total nitrogen, fresh weight, and dry weight, in relation to epidermal cell 
length at the top of the growing dandelion scape. 


The total nitrogen, green weight, and dry weight, changes of three repre- 
sentative regions of the dandelion scape during growth are plotted (figs. 
+4, 5,.6). In all parts of the scape, total nitrogen in percentage of dry matter 
was highest in the bud stage, indicating that carbohydrate accumulation was 
subsequently more rapid than nitrogen accumulation. The amount of pro- 
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tein nitrogen in the bud-scapes was about 2.5 times as great as the amount 
of non-protein nitrogen. In the bud the floral parts were developing and 
the egg cells and pollen were being produced. Nitrogen was undoubtedly 
moving through the scape into the bud, but nitrogen per epidermal scape 
cell increased continuously and progressively from the time the scape was 
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Fig. 5. Total nitrogen, fresh weight, and dry weight, in relation to epidermal cell 
length at the center of the growing dandelion seape. 


first evident until the period of blossoming was well past. The increase of 
nitrogen per cell was comparable in extent to the rapid increase of epidermal 
cell length which occurred just before blossoming in all parts of the seape. 
The ratio of protein to non-protein nitrogen remained constant throughout 
these stages of growth. Apparently synthesis of protein forms of nitrogen 
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as well as an accumulation of non-protein forms were occurring during this 
period. 

As the cells began dividing in the seape after blossoming (after embryo 
development had started), the percentage of nitrogen in the dry matter 
remained nearly constant. The total amount of nitrogen in the entire scape 
apparently did not decrease. The amount of nitrogen per cell, however, 
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Fic. 6. Total nitrogen, fresh weight, and dry weight, in relation to epidermal cell 
length at the bottom of the growing dandelion scape. 


decreased with division, and as the ratio of protein to non-protein nitrogen 
still remained the same as in the bud or blossom scape, it appears that syn- 
thesis of protein nitrogen during division of the scape cells probably did not 
oceur to any extent at this time. 

During the period of rapid cell elongation which preceded and accom- 
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panied the opening of the seed head (roughly stages ‘‘E’’ to ‘‘G’’) the 
nitrogen per epidermal cell showed no increase. There was, in fact, some 
indication of a decrease of nitrogen per cell at this time, especially at the 
bottom of the seape (fig. 6) which suggests a translocation of nitrogen out 
of the scape cells. The ratio of protein to non-protein nitrogen which had 
been constant at all preceding stages, now decreased, indicating that pro- 
teins were being digested, and probably that the products of digestion were 
moving out of the scape into the developing fruit. 

The dry weight and fresh weight changes during the growth of the seape 
are plotted together with the nitrogen and epidermal cell length changes 
(figs. 4,5, 6). Dry weight per cell increased greatly during the first period 
of rapid cell elongation and remained practically constant during the period 
of slow scape growth after blossoming. During both periods of cell elonga- 
tion the increase of fresh weight per cell was somewhat greater than the 
inerease of dry weight per cell. 


Discussion 


In general, epidermal cell length and protein nitrogen, non-protein nitro- 
gen, dry weight, and fresh weight per cell increased and decreased at similar 
rates until the epidermal! cells began to elongate rapidly for the second time, 
unaccompanied by a corresponding increase of total nitrogen or dry weight, 
and with only the fresh weight and non-protein nitrogen per cell showing 
any tendency to increase. The evidence that protein nitrogen formation 
occurred rapidly during cell elongation at flowering and only to a small ex- 
tent, if at all, during divisions of cells after flowering was somewhat sur- 
prising in view of the widely existing impression that cell division involves 
great increase of protoplasmic material and that cell elongation involves 
little or none. The formation of proteinaceous material during cell elonga- 
tion has been observed to occur in the coleoptile of Zea mays (5) and in the 
hypanthium of Oenothera acaulis (3). In studies of growth of broccoli 
cotyledons evidence has also been found for protoplasm formation during 
cell enlargement. Cotyledons of seedlings germinated in sand and later 
transplanted into fertile soil enlarged three to four times after transplanta- 
tion, whereas the cotyledons of seedlings remaining in sand showed little or 
no growth. No cell division was involved in this growth, cotyledon and cell 
enlargement being of the same order. In a typical experiment the cotyledon 
volume inereased 3.71 times, total nitrogen 2.30 times, protein nitrogen 1.74 
times, and non-protein nitrogen 2.73 times following transplantation. These 
data indicate that some substance, possibly available nitrogen, supplied by 
the more fertile medium was capable of reviving and extending cell enlarge- 
ment in the absence of cell division in the cotyledons. The rapid rate of 
protein accumulation in these young, enlarging cells of the broccoli cotyledon 
is interesting, but a direct relationship between protein synthesis and cell 
elongation in general is not established, since cell elongation in intact 
dandelion scapes at the time of seed maturity occurred without increase of 
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protein nitrogen per cell, and sections of young scapes in sugar and hormone 
solutions grew rapidly by cell elongation without additional nitrogen. The 
bud-seapes which elongated in solutions in the absence of an external source 
of nitrogen, however, had cells which were small and rich in protoplasm as 
elongation began. If cell enlargement occurs through the stimulation of a 
basic protoplasmic process which in turn brings about secondary effects (4, 
11), it may be that synthesis of protoplasm is not the direct means of bring- 
ing about cell enlargement, but that a sufficient supply of protoplasm is pre- 
requisite to the initiation of the process. A relationship between protein 
synthesis and auxin synthesis may also be involved (1). 

Since elongation may accompany cell division in cells of the dandelion 
scape, or the two processes may occur independently, it would be of interest 
to discover which conditions stimulate cells to divide, which stimulate cells 
to elongate and under what conditions both processes occur more or less 
simultaneously. The two processes are undoubtedly more closely related 
and more nearly subject to the same stimulating mechanism than has been 
generally suspected. Goopwin and StepKa (6) have shown that the region 
of most active cell divisions in Phleum roots is also the region of most active 
cell elongation. Experiments reported in this paper have indicated that 
chemical reactions and synthesis of protoplasm are found in enlarging as 
well as dividing cells, and, in fact, that cell division in the dandelion seape 
does not necessarily involve protein synthesis. It may be that the differ- 
ence between the mechanism stimulating division and that stimulating en- 
largement of cells is very slight. 

The prominence of protein synthesis in the first period of rapid cell 
elongation in the dandelion scape and its absence in the second suggest that 
the stimulus for cell enlargement may be either internal or external to the 
enlarging cell. If this stimulus be hormonal, it may be postulated either 
that protein and hormone synthesis within the cell (1, 2) stimulates enlarge- 
ment of the same cell, or that an external supply of hormone from active 
buds, leaves or fruits above may accomplish the same result. In the broccoli 
experiments, growth of the entire plant was checked by nutrient deficiencies 
and cell enlargement in the cotyledons stopped, to be resumed when a supply 
of soil nutrients made possible the general resumption of protein and pre- 
sumably of hormone synthesis. 

The effect of increasing temperature in accelerating the rate of cell 
elongation in sections of the scape clearly indicates the presence of limiting 
chemical reactions either in the wall or in the protoplasm and furnishes ad- 
ditional evidence of the complexity of cell enlargement processes. 


Summary 
A comparison of organ growth and cell growth was made in dandelion 
seapes of field plants. Cells were simultaneously dividing and increasing 
in length until the blossom began to open. At this time scape growth was 
accelerated and few or no cell divisions occurred. After the blossom closed, 








CHAO: DANDELION SCAPE 405 


seape growth was very slow and cells were reduced in length through cell 
division. As the seed head opened, the scape again grew rapidly by cell 
elongation. During the first rapid elongation the whole scape grew uni- 
formly, although there were probably differences in the relative roles of cell 
division and elongation in the upper and lower portions, but during the 
second rapid elongation most of the growth took place at the upper end of 
the scape. 

One-centimeter sections of small bud-seapes elongated rapidly in non- 
sterile, indoleacetic acid-sucrose solutions, tripling their length in several 
days under the most favorable conditions. The rate of cell elongation was 
accelerated by increasing temperatures from 0° to 25° C. The importance 
of chemical reactions in cell enlargement is indicated. 

Total nitrogen as well as protein nitrogen, fresh weight, and dry weight 
per cell increased during the first rapid growth of the scape. During the 
second period of rapid elongation, dry weight and protein nitro~en per cell 
decreased, and fresh weight and non-protein nitrogen per cell ine. ased only 
slightly. Protein synthesis may or may not accompany cell elongation in 
scape tissue, and the hypothesis is advanced that cell enlargement may be 
stimulated either by hormones produced during protein synthesis within 
the enlarging cell, or by hormones moved from a center of cell activity ex- 
ternal to the stimulated cells. 


The writer is indebted to Dr. W. E. Loomis for direction during the re- 
search and for assistance in the preparation of the manuscript. 
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The regional and geographical adaptation of strawberry varieties is 
known to be influenced by day-length and temperature. As Darrow and 
Watpo (3) have shown, the ordinary varieties of strawberries are short-day 
plants, initiating flower buds when the light period per day approximates 10 
hours or less. According to Darrow (2), temperature exerts a modifying 
influence on the response of the strawberry to the photoperiod. 

In this investigation the response of the strawberry to certain tempera- 
ture and day-length treatments was studied under controlled environmental 
conditions. The strawberry is well adapted for use in studies of this kind 
as it is known to have definite photoperiodic responses which are influenced 
by temperature. These responses are judged by criteria that are definite 
and easily measured; namely, the formation of flower clusters when the 
plant is in the reproductive state and the production of runners when it is 
in the vegetative condition. In addition the strawberry can be propagated 
vegetatively by runners, thereby furnishing plant material of the same 
genetic constitution for experimental treatment. 

The equipment used in the present investigation consisted of a set of four 
environment-control cabinets, described in detail by HarTMANN and Me- 
Kinnon (5). With these cabinets the temperature could be maintained at 
desired levels by electric heaters and refrigeration units, both thermostati- 
eally controlled. The plants were grown under banks of fluorescent lamps, 
which maintained a light intensity of about 500 foot-candles at the level of 
the plants. The day-length conditions could be adjusted at will and were 
automatically maintained by a time switch. 


Methods and results 


To test the response of the Missionary strawberry to short and long light 
periods under the controlled environmental conditions used in this investiga- 
tion a preliminary experiment was carried out. Twenty plants of this va- 
riety, which had been growing in long days and were definitely in a vegetative 
state, were placed in the cabinets on July 9, 1942. Ten plants were main- 
tained under ‘‘short-days’’ (10 hours) and ten were put under ‘‘long days’’ 
(15 hours). They were grown in sandy loam in gallon cans. Flower and 
runner counts were made at intervals from July 23 to October 15. The 
results are given in table I and definitely show this strawberry variety to be 
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vegetative under a 15-hour photoperiod and reproductive with a 10-hour 
photoperiod. 


EXPERIMENT I. THE EFFECT OF CONSTANT TEMPERATURE IN COMPARISON 
WITH FLUCTUATING TEMPERATURE ON THE PHOTOPERIODIC RESPONSE 
OF THE STRAWBERRY 


It was desired to conduct experiments on photoperiodic response with 
plants maintained under constant temperature conditions. Under natural 
conditions plants are, of course, subjected to a daily fluctuation of tempera- 
ture in addition to the daily alternation of light and darkness. That is, the 
temperature is higher during the light period than during the dark period. 


TABLE I 


THE EFFECT OF 10- AND 15-HOUR PHOTOPERIODS AT A CONSTANT TEMPERATURE OF 70° F. 
ON VEGETATIVE AND REPRODUCTIVE GROWTH OF THE MISSIONARY STRAWBERRY. 
(PLANTS PLACED UNDER TEST CONDITIONS JULY 9, 1942) 





NUMBER OF RUNNERS NUMBER OF FLOWERS 
REMOVED FROM PRODUCED BY 
10 PLANTS 10 PLANTS 
10-HOUR DAYS 15-HOUR DAYS 10-HOUR DAYS | 15-HOUR DAYS 
' 








os © elo Oe 4 0 0 
August 6¢ .......... 0 0 0 
August 20 .. ss 0 - 0 0 
September 3. ........ 0 , 0 0 
September 17 0 0 0 
October 0 2: 13 0 
October 0 24 0 
October A 0 32 0 
October 5 0 29 0 
Oetober 1: 0 41 0 


Total 4 136 








This experiment was designed to determine whether this daily temperature 
fluctuation is a factor influencing the production of flowers in the straw- 
berry. Two conditions were maintained: (1) short days (10 hours) with 
the temperature constant at 70° F.; (2) short days (10 hours) with a tem- 
perature of 80° F. during the light period and 60° F. during the dark period. 
Thirty-six plants of the Missionary variety, which had been maintained 
under long days and were in a vegetative state, were placed under each of 
these conditions January 11, 1946. Flower counts were started March 19. 
In recording the results (flower formation), the plants were considered to 
be in the reproductive state when there was the first macroscopic evidence 
of flower-bud formation. This condition is determined by the appearance 
of a cluster of small flower buds in the crown of the plant. Later this flower 
cluster emerges on the end of a flower stalk or peduncle. Fruit set was 
recorded when there was the first indication that the fleshy receptacle was 
swelling. The fruit was considered ripe when it attained a solid red color. 
The results of this test are given in table IT. 
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All plants under both conditions formed flowers and set fruits that 
ripened. This occurred earlier under fluctuating than under constant tem- 
perature. The difference in time of flower differentiation in the two groups 
is small. Nearly half the plants under the fluctuating temperature had, 
however, set fruits before any in the other group had done so; some ripe 
fruits occurred three: weeks earlier at fluctuating than at constant tem- 
perature. 


EXPERIMENT Il. THE PHOTOPERIODIC RESPONSE OF THE STRAWBERRY UNDER 
ARTIFICIAL CONDITIONS OF (1) LONG DAYS WITH LONG NIGHTS AND 
(2) SHORT DAYS WITH SHORT NIGHTS 


It was shown in the preliminary test and in Experiment I that the straw- 
berry becomes reproductive with a light period of 10 hours and a dark period 


TABLE II 


COMPARISON OF FLOWER FORMATION, FRUIT-SETTING, AND FRUIT-RIPENING OF 
MISSIONARY STRAWBERRY PLANTS GROWN UNDER CONDITIONS OF 
CONSTANT TEMPERATURE AND FLUCTUATING 
TEMPERATURE 


























, | 
NUMBER OF PLANTS N UMBER OF PLANTS | Wonpenor are 
FORMING FLOWERS SETTING FRUITS yavies PEE 
DATE (36 TOTAL) (36 TOTAL) | 
on ‘aie aa ° a ae a rae ee. 
me) we | SR pwr | SP we 
March 19 ................. 10 7 0 0 0 0 
March 27 ch 25 21 6 0 0 0 
., eS 28 21 6 0 0 0 
ee Le 31 30 14 0 0 0 
Apee 32 ........... 33 30 19 8 0 0 
April 18 . 35 32 25 22 7 0 
April 24 36 34 30 22 3 0 
April 2 36 35 31 25 17 0 
May 3 36 35 34 32 16 13 
May 6 36 36 35 34 23 26 
May 10 36 36 36 36 23 30 


of 14 hours per day at a constant temperature of 70° F. It is possible that 
the initiation of the reproductive condition may be due to the short (10- 
hour) light period, the long (14-hour) dark period, or the combination of 
the two. 

This experiment was arranged to study the effect of the short light period 
and the long dark period on flower formation in the strawberry. Two of the 
four cabinets had the light-controlling time clock set to provide a 20-hour 
eyele: 10 hours of light followed by 10 hours of darkness, ete. This gave the 
short light period, but not the long dark period. The time clock controlling 
the lights in the remaining two cabinets were arranged to provide a 28-hour 
eycle ; that is, 14 hours of light followed by 14 hours of darkness, ete. This 
resulted in the long dark period, but not the short light period. 

Forty-two plants were put in the cabinets under each set of conditions 
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on May 13, 1946, having been maintained previously under long-day condi- 
tions. The temperature was held constant at 70° F. Vegetative response 
was measured by counts of runners produced, and reproductive response by 
flower clusters formed. The results of these measurements appear in 
table III. 

The plants in both series continued to produce runners from the time 
they were placed under the test conditions on May 13 until about June 14, 
a period of 44 weeks. This situation was due to runner initials which were 
formed while the plants were under long days previous to being placed in 
the conditions of the test. From June 14 to the conclusion of the test there 

TABLE III 
THE EFFECT OF 20-HOUR AND 28-HOUR PHOTOPERIODIC CYCLES ON RUNNER PRODUCTION AND 


FLOWER FORMATION IN THE MISSIONARY STRAWBERRY. (PLANTS 
PLACED UNDER TEST CONDITIONS MAy 13, 1946) 











REPRODUCTIVE RESPONSE 
(NUMBER OF PLANTS WITH 
FLOWER CLUSTERS ; 42 
PLANTS TOTAL ) 


VEGETATIVE RESPONSE 
(RUNNERS REMOVED FROM 
42 PLANTS ) 





28-HOUR 20-HOUR 28-HOUR 20-HOUR 
CYCLE CYCLE CYCLE 





0 
0 


f—) 


NHNAQwwore- © 


oto 


bo 
Hn 














41 








was a striking difference in the production of runners. The plants main- 
tained under conditions of short light periods and short dark periods (20- 
hour cycle) ceased runner production altogether, whereas the plants under 
long light and long dark periods (28-hour cycle) returned to runner forma- 
tion. The plants under the last-named condition had a temporary decline 
in formation of runner initials, probably occurring when they were changed 
from the normal] 24-hour cycle to the artificial 28-hour cycle. 

As for reproductive response, the plants in the two groups behaved simi- 
larly in their production of flowers, except for the reading made on August 
7. At this time, in the 20-hour group, 41 out of 42 plants had flowers, 
whereas in the 28-hour group only a little over half the plants had flowers 
appearing. Plants grown with long light and long dark periods (28-hour 
eyele) produced runners and flowers simultaneously. Whenever flower 
clusters were formed under any of the conditions, they continued to develop, 
and set fruit. 
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EXPERIMENT III. PHOTOPERIODIC INDUCTION IN THE STRAWBERRY 


In the oceurrence of photoperiodic induction, plants can be placed under 
those conditions of daily light duration which are favorable for initiation of 
floral primordia and, if kept there sufficiently long, will continue flower 
development even though they are subsequently moved to photoperiodic con- 
ditions unfavorable for flower formation. 

In this experiment strawberry plants of the Missionary variety were 
obtained which originated as runner plants from a field planting that had 
been under long-day (midsummer) light conditions. They were potted and 


TABLE IV 


VEGETATIVE AND REPRODUCTIVE RESPONSE OF PLANTS HELD FOR DIFFERENT INTERVALS OF 
SHORT-DAY (10 HOURS) TREATMENTS FOLLOWED BY SUBSEQUENT 
EXPOSURE TO LONG-DAYs (15 HOURS) 





NUMBER OF DAYS EXPOSED TO SHORT PHOTOPERIODS 





DATE 





3 pays* | 7payst | 21payst | 38 days§ 





VEGETATIVE RESPONSE (RUNNERS REMOVED FROM 10 PLANTS) 











7 3 6 4 
11 9 5 2 
13 10 3 2 
11 10 0 0 
10 11 6 0 
11 6 4 0 

6 3 0 0 

7 5 2 0 

9 8 2 8 

7 5 4 2 











REPRODUCTIVE RESPONSE (NUMBER OF PLANTS WITH FLOWER CLUSTERS; 10 PLANTS TOTAL) 














September 30 .................. 0 4 9 6 
October 7 .......... 0 5 9 10 
October 14 ........ 0 5 10 10 
October 21 een 0 5 10 10 
Oetober 26 cnn 0 5 10 10 











* Moved to long-day conditions August 13. 
+t Moved to long-day conditions August 17. 
+ Moved to long-day conditions August 31. 
§ Moved to long-day conditions September 17. 


placed in the cabinets on August 10, 1946, under short-day conditions (10 
hours light and 14 hours darkness per 24 hours). The forty plants used 
were divided into four groups of ten plants each. Each group remained in 
the short-day cabinets for a different period of time, then was removed to 
long days (15 hours of light and 9 hours of darkness per 24 hours). The 
short-day time periods for the four groups were as follows: (1), 3 days; (2), 
7 days; (3), 21 days; (4), 38 days. Results of this experiment were ob- 
tained by making counts of runner production and flower formation at inter- 
vals. These counts are given in table IV. Throughout this experiment the 
plants were held at a constant temperature of 70° F. 
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Floral primordia were initiated when the plants were exposed to 7 photo- 
periodic cycles consisting of 10 hours of light and 14 hours of darkness per 
24 hours. These primordia continued to develop even though the plants 
were subsequently placed under long-day conditions (15 hours light and 9 
hours darkness per 24 hours). Exposure to 3 short-day cycles failed to 
result in initiation of floral primordia. This fact would indicate that the 
critical number of short-day cycles required for initiating floral primordia 
in the Missionary strawberry lies between 3 and 8. Exposures to longer 
‘‘induetion periods’’ (21 days and 38 days) also resulted in initiation and 
development of flower clusters. An inverse relation was apparent between 
runner production and flower formation. Those plants initiating and pro- 
ducing the greatest numbers of flower clusters developed the fewest runners. 


EXPERIMENT IV. TRANSLOCATION OF A FLOWER-FORMING STIMULUS IN THE 
STRAWBERRY 


Theories have been proposed (1, 6, 7, 8) that the floral primordia in 
plants may be initiated by a flower-forming stimulus which is manufactured 
in the leaves when they are under the proper environmental conditions. 
This stimulus is presumably translocated to the growing points of the plant, 
where it results in the differentiation of floral parts. With the equipment 
available for this investigation, this theory in regard to the strawberry could 
be tested. 

Two types of experiments were performed : one with the leaves, the other 
with runners. In the test with leaves the plant itself (crown and roots) was 
maintained under long-day conditions, but the leaves (one or more) were 
placed in short days. This arrangement was made by cutting an opening 
in the partition between the short-day and long-day cabinets and letting the 
leaf petioles extend through the opening. The openings were light-proofed 
by packing around the petioles with felt. The Missionary variety was used, 
and the temperature was held constant at 70° F. 

HAMNER and BONNER (4) have shown that fully expanded leaves of the 
short-day plant Xanthium, exposed to long photoperiods, inhibited the trans- 
mission of the stimu!us through the stem to which the leaves were attached. 
Stout (9), working with the sugar beet, a long-day plant, believed that the 
substance conducive to reproductive development might be translocated with 
the carbohydrates. 

In view of such evidence this test was subdivided into three groups: (1), 
all the leaves of each plant were maintained in short days; only the roots, 
crown, and part of the petioles were contained in the long-day cabinets; (2), 
fifty % of the leaves were held under short-day conditions, while the remain- 
ing fifty % were in the long-day cabinets together with the roots and crown 
of the plant; (3), one leaf only was placed im the short-day cabinet, the re- 
mainder of the plant being under long days. Five plants were used in each 
group and on August 10, 1946, were arranged in the manner described above. 
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Results were obtained at intervals throughout the test by counts of runner 
production and flower formation. These results are given in table V. 

Plants held in long photoperiods became reproductive when portions of 
the leaf area were subjected to short days. The number of flower clusters 
produced was in direct ratio to the percentage of the total leaf area placed 
under short-day conditions. The formation of runners was in inverse ratio 
to the percentage of total leaf area held under short-day conditions. Plants 
with the entire leaf area exposed only to long days formed no flower clusters, 
but produced more runners than did any other group among the four. 


TABLE V 


THE EFFECT OF SHORT PHOTOPERIODS ON PORTIONS OF THE LEAF AREA OF PLANTS MAIN- 
TAINED UNDER LONG-DAY CONDITIONS IN REGARD TO THEIR VEGETATIVE 
AND REPRODUCTIVE RESPONSE. (PLANTS PLACED UNDER 
INDICATED CONDITIONS AUGUST 10) 





























PORTION OF THE LEAF AREA HELD UNDER SHORT PHOTOPERIODS 
DATE 0 LEAVES rae 50% OF LEAF | 100% oF 
(CONTROL ) f AREA | LEAF AREA 
VEGETATIVE RESPONSE (RUNNERS REMOVED FROM 5 PLANTS) 

[= See ; 3 3 2 | 4 
fe) aces 7 5 : 0 
September 6 6 5 3 1 
September 16 0... | 4 3 0 0 
September 23 ................. 6 4 0 0 
September 30.0000. 5 6 1 0 
Onenee 7... 7 4 1 0 
October 14 .......... 3 3 l 0 
October 21 .. 6 3 0 0 
October 26 4 3 0 0 
51 39 10 5 


Total 








REPRODUCTIVE RESPONSE (NUMBER OF PLANTS WITH FLOWER CLUSTERS ; 5 PLANTS TOTAL) 


September 23 000000. | 0 | 0 0 0 
October 7 ............. 0 0 0 0 
October 14 ei 0 0 l ] 
October 21 4 0 1 2 4 


October 26 wa 0 1 2 4 


In the second type of test for a flower-forming stimulus in the straw- 
berry, runner plants were used which were attached to the parent plant. 
The parent plants were secured from a field planting growing under long- 
day (mid-summer) conditions; each plant selected had a long runner at- 
tached. The parent plants were transplanted to gallon cans and placed in 
the short-day cabinets. The runners were threaded through an opening in 
the partition into the long-day cabinets. There they were ‘‘layered”’ in soil 
in pots, where they rooted and grew into plants. Thus, after the beginning 
of the test on August 10, runner plants were continuously grown under long 
days, while the parent plants were under short days. Figure 1 shows the 
arrangement of the parent plant and runner plant in relation to the parti- 
tion between adjacent cabinets. Half of the runner plants were kept de- 
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Fig. 1, Method of arranging parent plant and attached runner plant so that each 
could be maintained under different photoperiodic conditions. 


foliated, whereas in the other half the leaves developed normally. By this 
means a more rapid movement of materials to the defoliated plants from the 
parent plants seemed likely to occur. he Missionary variety was used in 
this test, and the temperature was kept constant at 70° F. Counts of runner 
production and flower formation, taken at intervals, are given in table VI. 


TABLE VI 


VEGETATIVE AND REPRODUCTIVE RESPONSE OF RUNNER PLANTS GROWING UNDER LONG PHO- 
TOPERIODS (15 HOURS) WHEN ATTACHED BY RUNNERS TO PARENT PLANTS 
MAINTAINED UNDER SHORT PHOTOPERIODS (10 HOURS). 

(TREATMENT STARTED AvGuST 10, 1946) 








RUNNER PLANTS IN LONG 
DAYS ATTACHED TO PARENT 
PLANTS IN SHORT DAYS 


| CONTROL PLANTS 
GROWING IN 





NON 
DEFOLIATED 


DEFOLIATED LONG DAYS SHORT DAYS 








VEGETATIVE RESPONSE (RUNNERS REMOVED FROM 5 PLANTS) 
August 20 ..... 0 0 
August 27 ........ 0 
September 66 ........... 1 

September 166 ........... 0 

September 23 ...... 0 
September 30 ............ 0 
|. Sa 0 
October 14 ............ 0 
October 21 ......................... 0 
October 26 oo... 0 | 


To. c 1 13 5 


WNIUAR H-~10 


~~ Ow 


REPRODUCTIVE RESPONSE (NUMBER OF PLANTS WITH FLOWER CLUSTERS; 5 PLANTS TOTAL) 


September 30 ................ ) 0 0 
October 7 ..... r 0 0 
October 14 Shat 0 5 
October 21 .. q 0 5 


October 26 .............. : 0 5 
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The runner plants used were necessarily younger than the long and short- 
day control plants, which were of the same age as the parent plants. 

As shown by the data given in table VI and by the appearance of typical 
plants in figure 2, runner plants growing under long-day conditions formed 
flower clusters; provided, however, that they remained attached by runners 
to plants growing under short-day conditions. Flower clusters formed on 
those runner plants whose. leaves were removed as well as on the non-defoli- 
ated plants. The latter were more vigorous, however, and initiated flower 
clusters sooner, or at least developed more rapidly. This situation might be 
expected, since these plants would have a greater carbohydrate supply than 
the plants that depended entirely on carbohydrate movement through the 
runner from the parent plant. Not all of the runner plants formed flower 








_ 


LONG DAYS 


Fie. 2. Appearance of typical plants when grown under short-day and long-day 
conditions. The runner plant (growing in long days) produced flowers because of its 
attachment to the parent plant (growing in short days). 


clusters even though they were attached by runners to plants growing in 
short days. It was noted that in such plants the runners connecting the 
two plants turned brown and shrivelled; these runners were probably in- 
capable of translocating food materials or any floral-inducing stimulus. 

The plants attached by runners to parent plants growing in short days 
produced fewer runners than the control plants grown under long days. 
Allowing leaves to develop on the attached runner plants (growing in long 
days) increased their vegetative response, as is shown by the increased pro- 
duction of runners in comparison with those attached runner plants that 
were defoliated. 

Discussion 


Although flower buds appeared at about the same time under conditions 
of constant temperature and fluctuating temperature, there was apparently 
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a constant and consistent hastening of flower and fruit development on 
plants grown at the fluctuating temperatures used. The plants in the 60°- 
to-80° F. group had a lower ‘‘average temperature’’ than the plants held 
constantly at 70° : they were at 80° for 10 hours, at 60° for 14 hours. Never- 
theless, the plants in the 60°-to-80° group had a greater developmental rate 
than those in the 70° group. This condition may be explained by the tem- 
perature coefficient of at least 2, characteristic of most plant-cell reactions, 
which would cause an accelerated metabolism of the plant cells at the 80° F. 
temperature. For example, if x equals the rate of cell metabolism per hour 
at a temperature of 70°, the plants held at this temperature would have a 
relative metabolic rate of 24x in one day. The plants in the 60°-to-80° tem- 
perature group would have a metabolic rate of 2x for the 10 hours at 80°, 
or 20x; they would also have a metabolic rate of 0.5x for 14 hours at 60°, 
or 7x. This would then total 27x for the 60°-to-80° F. group in comparison 
with the 24x rate for the 70° group. Thus the plants held under the fluctu- 
ating temperature conditions (60°to 80° F'.) could be expected to show more 
rapid developmental characteristics, because of the greater daily metabolic 
rate. 

The rate of photosynthesis would supposedly be the same for the two 
groups of plants even though the latter were held under different tempera- 
tures (70° and 80° F.) during their light periods. As the light intensity 
used was relatively low (about 500 foot-candles) the ‘‘light reaction’’ was 
presumably the limiting factor in the photosynthetic process. As this re- 
action has a temperature coefficient of 1, the different temperatures involved 
would therefore not influence the photosynthetic rate. 

Under field conditions the Missionary strawberry will form runners 
abundantly during summer with 14 hours of light daily, accompanied, of 
course, by 10 hours of darkness. Under the conditions used in the second 
experiment, plants produced runners with a 14-hour daily light period 
together with a 14-hour dark period, the 14-hour dark period being substi- 
tuted for the accompanying short (10-hour) dark period found in nature. 
When a short dark period (10 hours) was used together with a short light 
period rather than the normal accompanying long light period, no runners 
were produced. From these facts one may conclude that the long light 
period appears to be necessary for runner production (vegetative response) 
rather than the short dark period. 

In regard to the reproductive response of the plants used in Experiment 
II, it is noted that the plants produced flower clusters under both the 28-hour 
and the 20-hour cycles. Plants grown with long light and long dark periods 
(28-hour cycle) produced runners and flowers simultaneously. 

Four photoperiodic combinations of day and night are possible: (1), long 
days and short nights; (2), short days and long nights; (3), long days and 
long nights; and (4), short days and short nights. The first two oceur in 
nature as a 24-hour cycle. Flower formation oceurs in the Missionary straw- 
berry under natural conditions only in the second case (short days and long 
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nights). 
the two artificial conditions : long days with long nights, and short days with 
short nights. Thus, of the four possible photoperiodic combinations, in only 


As table III indicates, flower formation occurred also under the 


one—long days and short nights—does flower formation fail to oceur. If a 
hormonal mechanism is responsible for flower formation it is possible that a 
substance may be produced during the light period which must be utilized 
in a subsequent reaction during the following dark period for flowering to 
oceur. If the dark period is of insufficient duration, in relation to the length 
of the light period, for complete utilization of the substance, the result may 
be an accumulation that inhibits flower formation. In this investigation 
flower formation occurred when the light and dark periods were of equal 
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LONG SHORT LONG SHORT | RUNNER 
1 LIGHT DARK LIGHT DARK ETC PRODUCTION 
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SHORT LONG SHORT LONG Pees FLOWER 
2. | LIGHT DARK LIGHT DARK ETC FORMATION 
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SHORT SHORT SHORT SHORT juenare FLOWER 
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PERIOD | PERIOD | PERIOD | PERIOD |  —__ paces 
LONG LONG LONG LONG is FLOWER 
4 LIGHT DARK LIGHT DARK ETC FORMATION 
PERIOD PERIOD PERIOD PERIOD ae AND 
RUNNER 
PRODUCTION 








Fig. 3. Vegetative and reproductive response of the Missionary strawberry to the 
four possible combinations of light and dark periods. 
naturally as a 24-hour cycle. 


Treatments 1 and 2 can oceur 


Treatments 3 and 4 are artificial. 


length, regardless of whether they were long or short. Under natural con- 
ditions flower formation in the strawberry takes place, within limits, when 
the dark period is longer than the light period, but not when the dark period 
is shorter than the light period. 
figure 3. 

In the experiment on photoperiodic induction in the strawberry, the first 
flower clusters appeared at the same date (September 30) in all the three 
groups that became reproductive. The plants were all placed under the 
short-day conditions at the same date (August 10). Thus about 50 days 
were required, after the initial exposure to photoperiodic conditions eon- 
ducive to development of the reproductive state, before flower clusters be- 
came visible. The first microscopic appearance of the initiation of floral 


This situation is shown graphically in 
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primordia (although not observed here) would oceur, of course, some time 
before the date of macroscopic visibility. 

Runners initiated by the previous exposure to long days failed to appear 
on plants in the 38-day group after September 6. This date was 27 days 
after these plants were moved (on August 10) from long days (conducive 
to runner formation) to short days (inhibiting runner formation). Assum- 
ing that initiation of runner primordia ceased immediately after the plants 
were placed in short days, these observations would indicate that about 27 
days are required after the start of physiological conditions leading to initia- 
tion of runner primordia, before the primordia become macroscopically 
visible. 

Further evidence on the length of time between the beginning of initia- 
tion of runner primordia and the first visible evidence of runners is given 
by the appearance of runners in the 38-day group on October 21. This 
group of plants was placed in long days on September 17, when, presumably, 
the physiological conditions leading to initiation of runner primordia were 
started. Thirty-four days later (October 21), runners were macroscopically 
visible. The length of time elapsing from beginning of conditions favorable 
to runner formation and macroscopic visibility was thus established to be 
27 days in one case, 34 days in the other. This time interval is for the Mis- 
sionary variety only ; for other varieties a different value would perhaps be 
found. 

The results of the experiment on the translocation of a flower-forming 
stimulus in the strawberry lend support to certain evidence secured by 
workers with other plant species ; namely, that the leaves, when subjected to 
the proper photoperiodic conditions, will cause the plant to become repro- 
ductive even though the remainder of the plant is held under photoperiodic 
conditions unfavorable to the initiation of the reproductive state. This ob- 
servation indicates that the portion of the plant sensitive to the photoperi- 
odic treatment is the leaf. It would seem justifiable to assume that a stim- 
ulus is translocated from the leaves to the growing point of the plant to cause 
initiation of the reproductive state. To explain why more of the plants be- 
came reproductive when a higher percentage of the leaf area was held under 
short days, one may suggest that a larger quantity of the flower-forming 
stimulus is perhaps produced by the greater number of leaves under short 
days. 

In experiment IV plants were induced to become reproductive even 
though they were grown under photoperiodic conditions (long days) defi- 
nitely known to be unfavorable to the development of the reproductive state 
in the strawberry. This reproductive condition was caused by the attach- 
ment of these plants by runners to other plants which were growing under 
photoperiodic conditions (short-days) favorable to the initiation of the re- 
productive state and which were themselves producing flowers. These con- 
ditions are illustrated in figure 2. The runner plants used in this experi- 
ment were undoubtedly dependent upon the parent plants, at least early 
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in their existence, for food materials. Those runner plants which were kept 
defoliated were more dependent for materials upon their parent plants than 
the runner plants whose leaves developed normally. As table VI shows, how- 
ever, both groups became reproductive, developing flower clusters, although 
the non-defoliated plants formed flower clusters more rapidly. Strout, in 
his work (9) with the sugar beet, concluded that the reproductive-inducing 
substance may be translocated with the carbohydrates. According to the 
results of the present investigation, the substance inducing reproduction 
moved equally well under conditions where different amounts of carbohy- 
drate movement could be expected. The flower-inducing stimulus may have 
been translocated, however, with the carbohydrate stream very early in the 
life of the runner plants, when both groups were largely dependent upon 
their parent plants for food materials. 

Generally the production of runners (vegetative state) and the forma- 
tion of flower clusters (reproductive state) in the strawberry seem to be 
antagonistic. That is, conditions favoring one tend to inhibit the other. 
This situation occurred in all cases in this investigation with the exception 
of the one test in which the plants were grown under the artificial conditions 
of long days (14 hours) and long nights (14 hours). Here the same plants 
produced runners and flower clusters simultaneously. This observation 
would indicate, therefore, that the occurrence of the vegetative state does not 
necessarily preclude reproductive development. That is, the vegetative and 
reproductive states may occur simultaneously, at least in the strawberry, 
provided the environmental conditions are favorable. 


Summary 


1. Missionary strawberry plants were grown under controlled-environ- 
ment conditions, with the temperature and day-length regulated, for the 
purpose of studying the effect of these factors on the vegetative and repro- 
ductive responses of this plant. 

2. Strawberry plants showed about the same positive reproductive re- 
sponse to short photoperiods whether they were grown at constant tempera- 
ture or at daily fluctuating temperature. 

3. A 20-hour photoperiodic cycle (10 hours light and 10 hours darkness) 
failed to result in runners. A 28-hour photoperiodic cycle (14 hours light 
and 14 hours darkness) did cause runner production. 

4. Flowers were formed under both the 20- and the 28-hour photo- 
periodie eyecle. 

5. Photoperiodie induction was found to occur in the strawberry. For 
the Missionary variety, exposure to seven short photoperiods resulted in 
flower formation although the plants were subsequently removed to long 
days. Exposure to three short photoperiods failed to result in floral de- 
velopment. 

6. Flower formation occurred in strawberry plants held under long days 
provided one or more leaves were subjected to short photoperiods. Runner 
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plants growing in long days were induced to flower, provided they remained 
attached by a runner to parent plants growing in short days. 


The author wishes to acknowledge the helpful advice of Dr. L. D. Davis 
and Dr. J. P. BENNeErtT during this investigation. 
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Introduction 


Flesh color in Irish potato varieties ranges from almost pure white to 
a deep canary yellow. The yellowish tinge of ‘‘white-fleshed’’ varieties 
is intensified after dehydration, becoming a definite yellow if the tubers 
have been harvested in an immature state, as is the case with material 
grown in the south (1, 2). 

This residual yellow color, when it occurred, was at one time considered 
by the Army Quartermaster Corps to be due to a faulty technique in 
dehydration and as a result such material was graded downward. It was 
soon recognized, however, that this yellow color was due to the presence 
of naturally occurring carotenoid pigments. CALDWELL, BRUNSTETTER, 
CULPEPPER, and Ezeui (3) showed that 19 ‘‘white-fleshed’’ varieties, rep- 
resenting fully-matured material, averaged 0.021 mg. of total carotenoid 
pigments per 100 gm. fresh weight, while 3 normally yellow-fleshed varieties 
averaged 0.138 mg. per 100 gm. fresh weight. This means that when the 
total concentration of carotenoid pigments is about 1 p.p.m. on a dry weight 
basis, the yellow color of the dried product will be slight. When the total 
pigment concentration is about 7 p.p.m. dry weight, the dried product will 
have a marked yellow color. One of the findings of the present paper is 
that in the case of the Katahdin variety, harvested in an immature state, 
there was still a pronounced yellow color in the dried product when the 
concentration of carotenoid pigments was 3 p.p.m. dry weight. 

This paper reports an intensive study of the carotenoid pigments in three 
samples of the Katahdin variety, with the purpose of separating and identi- 
fying as many of the pigments as possible. 


Review of literature 


Critical work on the number and nature of carotenoid pigments present 
in Irish potatoes is very scanty. Scumip and Lane (13) analyzed yellow 
internal regions of the Kipfler variety in connection with the so-called 
*‘vellow-fleck’’ disease. From the saponified epiphase fraction they iso- 
lated a xanthophyll pigment which was purified by adsorption on a CaCO, 
column. Its spectral absorption curve had maxima at 4380 and 4660 A, so 
that they identified the pigment as ‘‘beta xanthophyll.’’ A second pig- 
ment, isolated from the hypophase fraction by adsorption on CaCO,, had 
absorption maxima at 4435 and 4725 A, which as the authors noted, are 
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characteristic both of violaxanthin and taraxanthin. Incidentally, these 
absorption maxima are given by ZECHMEIsTER and Tuzson (16) for the beta 
isomer of luteol. A third pigment isolated from the epiphase fraction by 
adsorption on Al,O, showed broad absorption maxima at 4490 and 4770 A 
and according to the authors resembled the absorption spectrum of alpha- 
carotene. 

Ever, AHLSTROM, HiaBeRG, and Tinestam (4) in a nutritional study 
of the value of the carotenoid pigments from steamed samples of a number 
of yellow-fleshed varieties of potatoes grown in northern Sweden, sepa- 
rated carotene by chromatographic adsorption on a column of Brockman’s 
aluminium oxide. The total carotenoid pigments ranged from 0.77 to 2.58 
p.p.m. fresh weight, with the carotene content varying from 0.066 to 0.10 
parts per million.’ 


Methods and materials 


Three grades of petroleum ether, referred to as Sk F, Sk B, and Sk C, 
were purified by stirring successively with concentrated H,SO,, acid 
dichromate solution, NaOH, and four changes of distilled water. After 
stirring with, then filtering through, silica gel the lots of petroleum ether 
were distilled over solid KOH. Industrial absolute ethanol was used with- 
out purification. 

Regarding the chromatographic apparatus, two details of design should 
be noted: (1) the tube in which the adsorbent was packed had a sintered 
glass filter at the bottom; (2) the tube was jacketed to provide cooling by 
continuous circulation of absolute ethanol refrigerated by a mixture of 
solid carbon dioxide and ethanol. This insured chromatographic analyses 
at a temperature between — 50° and —60° F. The adsorbent suspended in 
Sk F was packed in the chromatographic column by pressure from a tank 
of nitrogen. After introduction of the sample, the solvent necessary for 
the development and elution of the various carotenoid zones was forced 
through the column by this source of pressure. These zones were caught in 
separate receivers. 

An advantage of a refrigerated column is that it permits the use of 
Sk F whose low boiling point facilitates evaporation in vacuo at room tem- 
perature. Since the force of adsorption increases as the temperature is 
decreased, adsorbents such as magnesium carbonate, the decahydrate of 
sodium sulphate, or sucrose, which adsorb so feebly at room temperature 
as to be quite unsatisfactory, perform excellently at low temperatures such 
as —50° F. Finally chromatographic analyses at low temperatures retard 
changes such as formation of stereoisomers, or oxidation of unstable caro- 
tenoids. 

Absorption data were obtained by a photoelectric spectrophotometer 
which has a Hilger double monochromator with quartz optics. The slit 


1 The figures referring to the results of EULER and associates as given in reference (3) 
should be divided by 100. 
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width generally used was 0.06 mm. giving a spectral isolation of one milli- 
micron for the mercury line located at 4358.3 A, which was used for the 
routine calibration of the wave length scale. 

The data are expressed in terms of optical density which is equal to the 
difference between the log incident light (I,) and the log transmitted light 
(1). The density is the product of (a) the specific absorption coefficient, 
(b) the concentration in grams per liter of solution, and (c) the cell length 
in centimeters. 

The first sample consisted of Katahdin potatoes that had been grown 
in Maine during the season of 1943. Normal maturing of the tubers was 
retarded by a cold rainy autumn; in fact the vines had to be killed by 
spraying with chemicals in order to harvest the crop. Accordingly the 
amount of carotenoid pigments was sufficiently great to impart a strong 
yellow color to the dried product. Before dehydration, the strips of pota- 
toes were treated with sulphur dioxide to prevent heat-reddening. 

The second lot of Katahdin potatoes was grown in Baton Rouge, Louisi- 
ana, in the spring of 1944. It was also relatively immature so that the 
dried product had a yellow color. Undried potatoes (Sample Il) were 
analyzed as well as potatoes treated with sulphur dioxide after steam 
blanching and before drying (Sample III). 

The preparation of the crude carotenoid solutions, essentially similar 
for the three samples, is described in the following steps: 

1. The samples were extracted with absolute ethanol. 


1 ‘ Dry iia rte , 
SAMPLE GROWNIN CONDITION went GROUND IN BALL MILL WITH ETHANOL 
I Maine Undried 1303 gm. as finely ground powder 
II___ Louisiana Dried 1000 ‘* as slices previously extracted with ethanol 
III Louisiana Dried 1000 ‘* as Julienne strips 


After the undried sample was washed, the skin was removed by vigor- 
ous rubbing with towels. The sliced sample weighing 8056 gm. was de- 
hydrated and partially extracted with ethanol at about 10° C. for 6 days. 
After decanting the extract, the residue was ground under ethanol in a 
ball mill. 

2. The alcoholic extracts were filtered and transferred to Sk F by the 
addition of excess distilled water, concentrated in vacuo, and washed free 
of residual ethanol. In the removal of these pigments from the ethanol 
extract, NaCl was used to break up emulsions and to reduce the solubility 
of hydroxylated carotenoids in ethanol. Care was taken to remove all the 
pigments from the ethanol extract. 

3. The carotenoids were then partitioned between Sk F and 92% 
methanol. The upper layer (epiphase) was freed from methanol by wash- 
ing with water, concentrated in vacuo, and made up to volume. The lower 
layer (hypophase) was transferred to Sk F by the addition of excess NaCl. 
At this point also the danger of incomplete extraction of hypophasic pig- 
ments was recognized and avoided as much as possible. The petroleum 
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ether phase was then washed with water to remove methanol, concentrated 
in vacuo, and made up to volume. 

Heating in order to concentrate extracts was avoided throughout all 
operations in order to prevent acceleration of reversible stereoisomeric 
changes or processes of decomposition. 


Experimental results 


A 10-ml. aliquot from the hypophase stock solution (50 ml.) of Sample | 
was chromatographed on a column of confectioners’ sugar containing 3% 
starch. Eight zones were developed and eluted into separate containers. 
Spectrophotometric readings of the corresponding solutions made at wave 
lengths of 4000, 4450, and 4700 A amounted to 93, 88, and 102%, respec- 
tively, of the readings of the unchromatographed solution measured at the 
same wave lengths. Here, as throughout this work, development and 
elution of the various zones were obtained by the successive use of solutions 
of ethanol in petroleum ether, with a low initial concentration (0.05%) 
which was increased by small amounts, such as from 0.1 to 0.2%, to an 
upper concentration determined by the intensity with which the top zone 
was adsorbed. The judicious use of weak and increasingly concentrated 
solutions of ethanol in petroleum ether has often been of decided aid in 
the separation of fractions whose forces of adsorption were nearly alike. 

The volume of hypophase stock solution of Sample II was 100 ml. An 
aliquot (10 ml.) was sent through a column of MgCO, on top of which was 
a cap of confectioners’ sugar. A fraction containing colorless impurities 
was readily separated. The remaining pigments were rapidly eluted with 
3% ethanol in Sk F, evaporated to dryness, and redissolved in a small 
volume of Sk F. This solution was then fractionated on suceessive columns 
of confectioners’ sugar. Twelve zones were developed and collected sepa- 
rately. 

However, the separation of the components of the hypophase fraction 
from Sample III presented difficulties. Adsorption on a column of con- 
fectioners’ sugar alone was so great that effective development of different 
zones was impossible. Excellent separation was obtained on a column of 
Na.SO, alone and mixed in various proportions with confectioners’ sugar. 
Thirteen components were developed by elution but in spite of the fact 
that the column was cooled to a low temperature, only 54% recovery, mea- 
sured at 4400 A, was obtained. This loss was largely avoided by the use 
of Na,SO,* 10H.0, alone and as a diluent of confectioners’ sugar. From 
a 10-ml. aliquot of a 100-ml. stock solution 21 components, most of them 
minor in amount, were developed and eluted separately and a recovery of 
88% measured at 4400 A, was obtained. 

For the benefit of workers who may desire to use this last absorbent, 
a few remarks on technique may be helpful. After preparation of 
Na.SO,* 10H,0, it was stored under 95% ethanol. In preparation for a 
run a portion was placed on a Buchner funnel and washed free of ethanol 
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solution by the use of petroleum ether. The salt was then suspended in 
Sk F and stirred several minutes in a Waring Blendor. The absence of 
free water is essential because if present in a refrigerated column it will 
freeze so that elution becomes excessively slow. 

Toward the end of this investigation, preliminary stirring in a Waring 
Blendor of any adsorbents suspended in Sk F was adopted as a routine 
procedure, since it greatly facilitated uniform packing of a column, a con- 
dition necessary for difficult separations. 

In every one of the hypophase fractions of the three samples the first 
zone to be eluted had essentially the same spectral absorption character- 
istics. While maxima and minima were lacking in the visible region of 
the spectrum, there were large and rapid increases in densities as the wave 
length was decreased to 3400 A, the lower limit of our measurements. 
The absorption curves for these bottom zones were similar to an absorption 
eurve published by McNicnotas (10) for a solution of lutein stored 164 
days. These zones contained a relatively large amount of colorless im- 
purities, easily soluble in petroleum ether and difficultly soluble in ethanol. 
The impurities could be readily removed by lowering the temperature of 
the ethanol solution in a freezing mixture and then decanting. Experi- 
ment showed that they were not responsible for the marked absorption in 
the near ultraviolet region. 

Spectrophotometric data on hypophase sub-fractions of the three sam- 
ples are given in table I. The solvent for the fractions in Sample I was 
Sk B; for the fractions in Sample II and III, the solvent was ethanol. The 
wave lengths of the maxima, minima, and shelves or plateaus are tabulated 
together with their relative densities (R.D.) based on the densities of the 
principal maxima. The fractions or zones are numbered according to their 
relative adsorbability. The smaller the number, the less was the adsorbabil- 
ity of the pigment and the nearer its position to the bottom of the column. 
In Sample III, a number of chromatographic analyses were made involving 
different columns; the numbers here denote relative ease of adsorption. 
Fractions omitted fall into two classes: (a) those that appeared to be mix- 
tures and (b) those with concentrations so low that only a few readings 
could be obtained. 

LUTEIN 


Fraction 4, Sample II (with ethanol as a solvent) showed good agree- 
ment in details of absorption with the curve published by ZscuHeme, WHITE, 
BEADLE, and Roacu (18) with the exception that the maximum at 4775 A 
and the minimum at 4625 A were displaced slightly toward the ultraviolet. 

Fraction 3, Sample I also was lutein. The absorption curve indicates 
that in this case stereoisomers of lutein were present. According to ZEcH- 
MEISTER and Tuzson (16) lutein, like other carotenoids, can be reversibly 
isomerized. They found two isomers in approximately equal amounts com- 
prising about 40% of the initial material. Dissolved in ethanol, neolutein 
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FRACTION MAXIMA R.D.* 
Sample I A 
3 4430-4460 100 
4720-4730 89 
4200—4220 69 
4 4460-4490 100 
4270 95 
5 4420 100 
4680-4690 83 
6 4200 100 
4480 94 
3975 76 
7 4480 100 
4200-4230 97 
8 4260 100 
4010 93 
Sample IT 
4 4460 100 
4750 90 
4230-4240 70 
5 4460 100 
4720-4740 91 
7 4250 100 
4500 87 
9 4445 100 
4725 90 
4225 71 
10 4400-4450 100 
4650-4700 82 
12 4260 100 
4025 83 
Sample ITI 
6 4425-4450 100 
4700-4750 87 
8 4400-4425 100 
4680-4700 85 
11 4420 100 
14 4450-4480 100 
4725-4760 90 
16 4400-4500 100 
4700 91 
17 4425-4475 100 
18 4400 100 
| 4650 81 
19 | 4450-4500 100 
20 | 4400-4475 100 
| 4700 80 
21 4440-4460 100 
4200-4220 99 


| 





MINIMA 
A 
4600-4620 
4260-4270 
4330-4350 

4580 


4050 
4350 


4350 


4120 


4610 
4250-4260 


4610 
4400-4430 


4620 
4275 


4600 


4125 


4600—4625 


4600 


4600-4625 


4625 


4600 
4350 


$625 


350 





71 
69 


76 


80 


94 
80 


92 








R.D. 


SHELVES 








| 


4000-4100 
4200-4250 


4600-4750 
4420-4470 


4200-4250 
4000-4100 


4200-4250 


4180-4250 
4200-4250 
4200-4250 
4600-4700 
4200-4250 


4550-4600 
4250-4300 
4675-4700 
4200-4250 
4250-4300 
4700-4725 
4250-4300 


4625-4700 


* Relative density based on the densities of the principal maxima. 


A gave absorption maxima at 4710 and 4420 A; the corresponding maxima 


for neolutein B occurred at 4720 and 4430 A. 
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63 


68 


75 
84 
84 
86 
70 
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The broad absorption maxima 
of Fraction 3, Sample I was evidence for the presence of stereoisomers. 
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Further evidence was the presence of a slight peak at 3300 A, for ZecH- 
MEISTER and Po.eAr (17) state that lutein in equilibrium with its two 
isomers shows a maximum (the ‘‘cis peak’’) at 3310 A (hexane). 

The concentration of lutein in parts per million dry weight was 0.50 in 
Sample I, and 0.77 in Sample II. 

In the processing of Sample III, the strips of potato tissue were steam- 
blanched for 7 minutes, then placed immediately in a sulphurous acid 
solution (0.25%) for 30 seconds. As‘a result the dried product had a 
pronounced taste, and the initial alcoholic extract had a pronounced odor 
of sulphur dioxide. As previously stated, the hypophasic pigments with 
the exception of the first fraction were adsorbed on a column of confec- 
tioners’ sugar far more strongly than the hypophasic pigments of the other 
two samples. This pronounced increase in adsorption may be interpreted 
as due to an increase in the number of hydroxy] groups in the various caro- 
tenoid pigments of this sample, a chemical change which need not necessarily 
be accompanied by more than slight changes in the absorption spectra. 
These considerations, along with the presence of a shelf instead of a maxi- 
mum and a minimum in the region 4200-4260 A, appear to rule out Frac- 
tion 6, the first majcr hypophasic fraction of Sample IIT, as lutein. 

Fraction 5, Sample II, was adsorbed immediately above lutein and its 
absorption curve was closely similar to lutein. The chief difference was 
the absence of a maximum and a minimum in the region 4200-4260 A. Con- 
sequently, this fraction is tentatively identified as isolutein. 


F'LAVOXANTHIN 

This pigment, it will be recalled, was first isolated by KUHN and Brock- 
MANN (9) from Ranunculus acer (buttercup). Karrer and JucKEer (5) 
showed that its molecule has two hydroxyl groups, and that the third O 
atom is present in an ether-like bond. Strain (14) demonstrated its pres- 
ence in green leaves and showed that it is adsorbed above lutein on a mag- 
nesia column. STRAIN’s measurements of its absorption curve in ethanol 
solution located the maxima of the two flavoxanthin isomers at 4220 and 
4520 A. Among the seven xanthophylls which Strain isolated from green 
leaves, flavoxanthin alone has absorption maxima at these positions. 

According to the absorption data in table I for Fraction 6, Sample I, this 
fraction was a flavoxanthin. Fraction 7, Sample II, does not check well 
with STRAIN’s data, and it is probable that this fraction contained impuri- 
ties which rechromatographing would have removed. A third fraction, 21 
from Sample III, also possessed maxima whose positions approximated those 
of flavoxanthin. However, in view of its relative adsorbability and the 
lack of agreement in details with the spectral adsorption curve of flavo- 
xanthin, it is improbable that this fraction contained flavoxanthin. 


AUROXANTHIN 


This pigment, isolated and described by KarreER and RUTSCHMANN 
(7, 8), is distinguished by sharp absorption maxima of equal intensity 
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located at 4030 and 4280 A. Absorption maxima of lesser intensities are 
located at 3820 and 2940 A. 

The absorption data for Fraction 8, Sample I, and Fraction 12, Sample 
II, had very sharp absorption maxima which checked closely with the two 
principal absorption peaks of auroxanthin. As in the case of auroxanthin, 
inflections between 4400 and 4500 A were present. No examination of the 
absorption was made in the region below 3500 A. In our preparation there 
were shelves instead of peaks in the region 3800-3900 A. Furthermore, 
the densities at 4280 and 4030 A were unequal. Further work on a more 
highly purified preparation would be necessary to establish the identity 
between this pigment from potato tubers and auroxanthin. 

The remainder of the hypophasie pigments listed in table I could not be 
identified. 

EPIPHASE FRACTIONS 


The epiphase portion of Sample I was dissolved in Sk F and adjusted 
to a volume of 50 ml. For chromatographic analysis, an aliquot of 5 ml. 
was poured on a column of MgCO, on top of which was a layer of confection- 
ers’ sugar. Elution with Sk F alone separated the yellow bottom zone which 
was the main fraction. Six other zones were developed and separated by 
elution with solutions of ethanol in Sk F, starting with a 0.1% solution and 
going by steps toa 3% solution. The third zone from the bottom was further 
fractionated into a blue zone (which later in the course of elution changed 
to a green color) with a yellow zone immediately above it. The fourth zone 
from the bottom was green in color. On top of the layer of sugar there was 
a blue zone which could not be eluted with a 3% ethanol solution. These 
interesting zones were not examined spectrophotometrically. 

The bottom zone (fraction 1) was rechromatographed on the same 
type of column. A major bottom zone (fraction 1-1) with two yellow 
zones adsorbed above it were separated. Absorption curves of these upper 
zones showed no maxima or minima; both fractions showed a continuous 
increase in density with sharp increases in rate at 3800-3700 A. The 
curves were similar to the absorption curves of the first zones eluted from 
the hypophase fractions. 

In the course of this work on the epiphase solutions, commercial beta- 
carotene was purified by several recrystallizations from Sk F by additions 
of ethanol and its absorption spectrum was measured. The data will be 
given here for comparison with the carotene fractions listed in table II: 
4525 A, density 100; 4805 A, 87.90; 4700 A, 81.0; 4300 A, density 70.7. 

As shown in table II, Fraction 1-1 from Sample I checked fairly well 
with beta-carotene as regards relative densities; though, as might be ex- 
pected from unrecrystallized material, there was a displacement of the mini- 
mum and the principal maximum toward the ultraviolet. At wave lengths 
below 400 A the density increased to 3000 A, parallel to that of the other 
two fractions. The pigment was unstable, for the densities of the principal 
maxima changed during measurement. This might have been predicted for 
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(a) the sample had been ground to a fine powder and (b) the original 
ethanol extract had been stored for about 3 weeks at — 40° C. 

The concentration of Fraction 1—1, caleulated as carotene, was 0.38 
p.p.m. dry weight. 

The epiphase solution of Sample II also was a complex mixture of 
carotenoid pigments. An aliquot of 5 ml. from a stock solution of 50 ml. 
was chromatographed on a column of MgCO,. At least nine zones were de- 
veloped, six of which were obtained separately by elution. The third zone 
from the bottom was a composite of an orange zone, two yellow zones, and 
a greenish zone. The sum of the densities measured at 4500 A was 94.6% 
of the unchromatographed epiphase solution, evidence of minor loss only. 

As in the case of Sample I, the bottom zone was the main fraction ; mea- 
sured at 4500 A its density was 42% of that of the total carotenoids in the 
epiphase solution and 9% of the total carotenoids in both hypophase and 
epiphase solutions. Calculated as carotene, this fraction was present in a 
concentration of 0.31 p.p.m., dry weight. 

Referring to the spectrophotometric details given under 1, Sample II, 
in table II, the broad absorption maximum at 4485-4520 A, the shift in posi- 
tion of maxima and minima toward the ultraviolet and the presence of a 
shelf in the curve at 4250-4300 A indicate that this fraction was a mixture 
of stereoisomers. The relative densities checked with those of all-trans-beta- 
carotene with the exception that the curve in the region of 4300 A was about 
10% too high. 

Fraction 2, adsorbed immediately above fraction 1, was particularly 
interesting since the relatively high density from 4270 to 4330 A indicates 
a carotenoid component with an absorption maximum in this region. This 
point will be reexamined later. 

Analyses of the absorption curves of the other zones in Sample IT indi- 
eated that they too were mixtures, a peculiarity of the third (composite) 
zone from the bottom being the presence of a pronounced absorption peak 
at 4120 A. 

This run confirmed the results of ‘the analysis of the epiphase fraction 
of Sample I in showing that a column of MgCO, even when cooled below 
—50° C. was not efficient in separating epiphasic pigments, at least in a 
single chromatography. Very probably repeated chromatography would 
have given a better separation. The results clearly show, however, that in 
the absence of factors such as treatment with SO, and drying, a complex 
mixture of pigments is obtained not only in the hypophase, but also in the 
epiphase fraction. 

When a 10-ml. aliquot of the epiphase fraction of Sample III (100 ml. 
Sk F) was chromatographed on MgCO, spectrophotometric measurements 
of the bottom (main) fraction (table II, Sample III; Run 1l—a) showed at 
once that the relative density at 4275 A was much higher than was the case 
in the other two samples. This high ratio was present also in the case of 
the other three upper zones. Rechromatographing this first fraction on a 
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column with a bottom layer of confectioners’ sugar, a main layer of 
Ca(OH),., and a top layer of MgCO,, did not change essentially the relative 
density at 4275 A. Calculated in terms of carotene, this first fraction was 
present in a concentration of 0.61 mg. per kg. dry weight, almost twice the 
values obtained for the ‘‘carotene’’ fractions of the first two samples, evi- 
dence that it was impure. This bottom zone had a density at 4400 A that 
was 55% of the total epiphasic density. 

The separation was repeated using a 30-ml. aliquot and chromatograph- 
. ing twice on columns of MgCO,;, a middle layer of equal parts of MgCO, 
and Ca(OH),., then a bottom layer of confectioners’ sugar. Five zones were 
separated. The ratios of the density values at 4300 and 4500 A were 75 
and 238% for the bottom and top zones respectively, showing definitely that 
both the main fraction in the previous run and the zones adsorbed above it 
had been contaminated with a pigment absorbing strongly near 4300 A. 

The top zone was then chromatographed three times on a column of 2 parts 
of Ca(OH), to 1 part of MgCO,;. The final product was characterized by 
a density at 4300 A that was 626% of the density at 4500 A. Detailed spec- 
trophotemetrie analysis of this fraction dissolved in ethanol showed the 
characteristics listed in table II, Sample III, Run 1-b, Fraction 1—a—5—c-2. 

In spite of repeated chromatographic analyses, this yellow fraction con- 
tained a lower pink zone in relatively small amount which could not be 
eluted separately. Apparently it did not interfere with the absorption of 
the yellow zone as the peaks and minima of the latter were very sharp, and 
corresponded closely with values for a carotenoid given the provisional name 
of é-carotene by STRAIN and Mannine (15). This carotene has been found 
in carrots, yellow corn, and in certain strains of tomatoes. <A review of the 
literature has been given recently by Nasu and Zscueme (11) who have 
measured its absorption spectrum and present specific absorption coeffi- 
cients. They state that é-carotene exhibits typical isomerisation phenomena 
and suggest that it may occur in nature in a wide variety of sources. Re- 
cently Porter, NasH, ZSCHEILE, and QUACKENBUSH (12) have found that 
é-carotene is biologically inactive as provitamin A. 

To check on the carotene nature of sub-fraction 1-a—5—c-2 (€é-carotene) 
it was dissolved in Sk F and shaken for one hour at room temperature with 
20 ml. of a saturated solution of KOH in methanol. Subsequent partition 
by shaking with methanol showed that no pigment transferred to the 
methanol layer, and that therefore é-carotene is not an esterified carotenol. 
It was then transferred to ethanol, made up to volume, and remeasured after 
a month’s storage at —4° C. A marked general decrease in density was 
noted. A slight maximum at 3550-3600 A and a slight minimum at 3600 A 
were observed. 

The presence of é-carotene was confirmed by a second preparation (Run 
2). A subsample of III weighing 334 gm. was extracted by grinding over- 
night in the ball mill in the presence of two grams of CaCO, using specially 
purified absolute ethanol. An aliquot of the filtrate equivalent to 230 gm. 
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of sample was transferred to Sk F, concentrated to.a volume of one liter, 
then shaken twice in two 500-ml. portions with successive charges of 25 ml. 
of methanol saturated with KOH. The pigments were partitioned in the 
usual manner between 92% methanol and Sk F and the two fractions ob- 
tained were then transferred to Sk B. 

Twenty-five ml. of the epiphase fraction (100 ml.) were chromato- 
graphed on a column composed of 40% of Ca(OH). and 60% of MgCQs. 
This separation was unsuccessful; so the pigments were eluted with 4% 
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Fie. 1. Absorption spectrum of {-carotene, separated from crude carotene of 
epiphase solution, from tubers of Katahdin variety of Irish potatoes. 


ethanol in Sk F, evaporated to dryness in vacuo, and redissolved in Sk B. 
The second column was composed of MgCO, with a top layer of confee- 
tioners’ sugar. The bottom zone obtained from this column was rechromato- 
graphed on a column of 20% Ca(OH), and 80% MegCO,. <A yellow bottom 
zone was eluted with Sk F alone (see table II, Run 2, 2—a; this pigment 
could not be identified). The zone above it was composed of two sub-frac- 
tions (the lower, pink in color; the upper, yellow) which could not be sepa- 
rated sufficiently to be collected separately. The next zone was minor in 
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amount. At the top of the column there was a yellow zone which was eluted 
with 0.5% ethanol in Sk F and collected separately. The details of the 
absorption curve (see table II, Sample III, Run 2-d; compare with 
l—a-5—c-2) checked with those of the previous run and showed moreover 
a slight peak at 3600 A. This curve is reproduced in figure 1. In this run 
the amount of é-carotene obtained was 134% of the amount obtained in the 


TABLE II 


SPECTROPHOTOMETRIC DATA ON CAROTENOID PIGMENTS (EPIPHASE FRACTIONS) 
FROM IRISH POTATO TUBERS 























FRACTION MAXIMA R.D. MIMIMA R.D. SHELVES R.D. 
Sample It A A 
1-1 4500 100 4650 79 
4800 90 
Sample ITt 
1 4485-4520 100 4660 82 4250-4300 78 
4760 89 soonthuti 
2 4445 100 4630 76 4270-4330 89 
4720 81 ‘: 
4200 90 
Sample III* 
Run 1l-a 1 4500 100 4687 84 
4775 86 4350 | 85 
4275 94 Va 
Run 1—b: l-a-l-a | 4450 100 4600 Bs: . 4200-4500 73 
4760 89* 
1-a-1-b 4500 100 4725-4750 | 84 
4725 85 . : 
1—a—3—4—-b-3 4475 100 4650 | 82 4250 73 
4725 86 
1-a-5a 4500 100 4700 = 
4750 85 4340 83 
4250-4275 86 
1-a—5—e-2 4240 100 4150 | 63 
4000 99 3880 | 56 
3800 69 | 
Run 2: 2-a 4525 100 | 4700 85 4200 70+ 
4775 86 | 
2-b 4500 100 | 4700 | 83 4300-4350 80 
4750 86 | . 
2-d 4260 100 | 4150 | 56 
4010 98 3900 | 58 
3800 67 | 3650 | 48 
3600 50 














* Estimated by extrapolation. 

t Inflection. 

¢ Solvents: Sample I, Sk B; Samples II and III, ethanol. 
previous preparation. The density at 4250 A was 12.5% of the entire epi- 
phase fraction. Using the value of 226 for the specific absorption coefficient 
of é-carotene at 4260 A (NAsH and ZscHEILE), the concentration of ¢-caro- 
tene was calculated to be 0.11 p.p.m. dry weight. 

Returning now to the description of the remaining four zones of Run 
1-b, the bottom zone, 1—a—1, was rechromatographed on a column whose 
top and bottom layers were confectioners’ sugar and whose main part con- 
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sisted of a mixture of 2 parts of CaOH, and one part of MgCO;. Two sub- 
fractions, 1-a—l—a and 1—a—1—b, were separated. It is apparent from the 
spectrophotometric data in Table II that neither of them was trans-beta- 
carotene and that probably they consisted in whole or in part of cis-trans 
stereoisomers. The ratio of densities at 4300, 4500 and 4800 A for the two 
fractions above the bottom zone checked with the corresponding ratios for 
pure trans-beta-carotene. Calculating their sum as carotene the concen- 
tration was 0.19 p.p.m. dry weight, about one-third the concentration of the 
erude carotene fraction. 

Unfortunately complete curves were not obtained for these fractions 
or for the fourth zone from the bottom. Instead the third and fourth zones 
from the bottom of the column were combined and rechromatographed on 
a column consisting of a sugar base, a middle layer of Ca(OH). and one 
part of MgCO,. Three zones were obtained. Data on the top zone are 
listed in table II under 1—a-3-4—-b-3. This fraction dissolved in ethanol 
was stored at —4° C. for one week and then remeasured. No displacement 
of absorption peaks had occurred, and the density was only slightly less. 
This fraction corresponded closely as regards location of peaks and relative 
densities to neo-beta-carotene-U as described by ZECHMEISTER and POLGAR 
(17). 

As noted above, the top zone was chromatographed three times on 
columns consisting of 2 parts of Ca(OH), and 1 part of MgCO, in the 
separation and purification of écarotene. A fraction obtained after the 
first chromatographic separation was further resolved and studied in detail. 
Pertinent data are given in table II under fraction 1—a—5-a. The absorp- 
tion curve indicated that an unidentified cis type of carotenoid was present. 


Discussion 


In this work, in spite of the fact that the total amount of carotenoids 
available for investigation was only about 3 mg., at least a dozen different 
zones representing different carotenoid pigments were developed on chro- 
matographie columns though not all these could be separated in a form 
suitable for analysis. 

Among them perhaps the most interesting were the two pigments with 
sharp major absorption peaks around 4000 and 4250 A. One of these was 
in the hypophase portion and was located at the top of columns of confec- 
tioners’ sugar. As already noted, the location of the two major absorption 
peaks agrees fairly closely with those reported by KarrRER and RutSCHMANN 
(7) for auroxanthin. Their method of separation emphasizes the tenacity 
with which this pigment is adsorbed, for they employed a column of zine 
carbonate, a mild adsorbent, and used for elution a mixture of 1 part of 
methanol to 2 parts of ether. Their source of material was the flower, Viola 
tricolor. 

From KARrrRER’s laboratory a series of recent reports have clarified the 
relation between major carotenoids and their oxidation products. In gen- 
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eral, a carotenoid lacking oxygen or containing oxygen only in the form 
of hydroxyl groups is treated with monoperphthalic acid. This results in 
an epoxy compound, the oxygen introduced bridging two adjacent carbon 
atoms in the B-ionone ring. These epoxy derivatives are very sensitive to 
the action of acids. For example, the minute amount of HCl in ‘‘aged’’ 
chloroform will rapidly transform dissolved epoxy carotenoids to furanoid 
oxide isomers. As a result marked displacements of the absorption maxima 
toward the ultraviolet occur. Specifically KArrer and Jucker (5) found 
that lutein epoxide isomerized to form two carotenoids which were identical 
with flavoxanthin and chrysanthemaxanthin, each containing two —OH 
groups with the third oxygen atom in an ether-like union. Zeaxanthol has 
two cyelohexenyl rings and so forms a mono-epoxide and a di-epoxide which 
were found to be identical with antheraxanthin and violaxanthin respec- 
tively. Treated with acid, antheraxanthin isomerized to mutatoxanthin, 
while violaxanthin isomerized to auroxanthin. The acid treatment split 
off oxygen to some extent from violaxanthin so that mutatoxanthin and the 
starting material, zeaxanthin, were also present. 

They further found by the same technique (6) that 8-carotene also forms 
a mono-epoxide and a di-epoxide. Treated with acid the former isomerized 
to mutatochrome and the latter to aurochrome. 

Thus from known carotenoids easily obtained in relatively large amounts, 
other carotenoids, most of them previously isolated from natural sources 
in small amounts, were prepared by in vitro chemical reactions. KARRER 
and JUCKER believe that the in vitro method of preparation essentially paral- 
lels the processes in the plant which produce these less abundant carotenoids. 

It follows then that the detection of auroxanthin in Sample IT (undried) 
implies the presence of violaxanthin and zeaxanthin. These two caro- 
tenoids may have been among the fractions studied, but they could not be 
detected with certainty, probably because the impurities or cis stereoisomers 
present obscured the none too distinctive absorption spectra. The absorp- 
tion spectrum of auroxanthin is quite characteristic distinguishing it sharply 
from all other hypophasic carotenoid pigments, so that its presence in Sam- 
ples I and II seems to be fairly certain. 

It is possible that auroxanthin may be widely distributed and that the 
reason it has not been generally noted is the fact that only a mild adsorbent 
with an eluent containing a polar solvent serves to separate it. One would 
expect it to be held in an uppermost zone on a column such as magnesium 
oxide. In this connection it is of interest that Stramy (14) in his mono- 
graph on leaf xanthophylls records 11 zones separated on columns of mag- 
nesia. The topmost three zones, orange-yellow in color, are denoted as 
mixtures with two absorption maxima, one at 4500 A and an ‘‘indefinite’’ 
maximum at a shorter wave length. The authors suggest that one or more 
auroxanthin-like compounds may be separated by rechromatographing these 
upper three zones on a column of either confectioners’ sugar or on 
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The second pigment of this type was é-carotene, appearing in the crude 
carotene fraction of Sample III. Unfortunately, due mainly to the fact 
that the aliquots taken for chromatographic analyses were too small, its 
presence in the carotene fractions of the other two samples could not be 
definitely established. Another factor which very probably was largely 
responsible for its apparent absence was the fact that in Sample II the 
epiphase had been stored in ethanol for 20 days. As Strary (15) and Nas 
and ZsCHEILE (11) have observed, é-carotene rapidly oxidizes in polar sol- 
vents. Unfortunately this fact was not recognized in the present work so 
that the concentration of é-carotene reported for Sample II is very probably 
too low. Furthermore, Sample I had been ground to a fine powder so that 
écarotene, if present, would have been exposed to conditions making for 
maximum oxidation. In the case of Sample III, only a week elapsed from 
the extraction of the sample to the storage of the epiphase in Sk B. 

KARRER and JucKER (6) state that the absorption spectra of auroxanthin 
and aurochrome are practically identical. Similarly there is a close agree- 
ment between the absorption maximum of auroxanthin and that of é-caro- 
tene. Aurochrome is adsorbed above 8-carotene on a column of ZnCOQ3. 
Similarly, é-carotene is adsorbed above 8-carotene on a suitable column. 
In view of these facts the authors suggest that écarotene is identical with 
aurochrome and therefore is derived from 8-carotene by oxidation to the 
di-epoxide followed by isomerisation to the furanoid oxide form thus reduc- 
ing the number of conjugated double bonds and displacing the positions of 
the absorption maxima toward the ultraviolet. If the two pigments are 
identical then ‘‘é-carotene’’ jike aurochrome should, when its ethereal solu- 
tion is shaken with 25% HCl, show a stable deep blue color. Whether 
é-earotene does so react with concentrated HCl is unknown at present. 

Although the total amount of carotenoid pigments present in the undried 
sample of Katahdin potatoes (II) was approximately 3 mg. per kg. dry 
weight, it was sufficient to give the dried product a marked yellow color. 
It is interesting to note that dehydration of this sample lowered the total 
carotenoid content only 10%. 

The concentration of beta-carotene was about 10% of the total caro- 
tenoids present and obviously it was present in such small amounts as to be 
negligible from a nutritional point of view. 


Summary 


1. The Katahdin variety of potato, when harvested in a relatively imma- 
ture condition, contains a complex mixture of carotenoid pigments. The con- 
centration of total pigments was about 3 parts per million, dry weight, a 
concentration sufficient to impart a yellow color to the dehydrated product. 

2. Lutein was found in two of the three samples studied, in concentra- 
tions of 0.50 and 0.77 parts per million, dry weight. A pigment correspond- 
ing to isolutein was present in one sample. 

3. A flavoxanthin was found in one sample and tentatively identified 
in a second sample. 
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4. A carotenoid provisionally identified as auroxanthin was present in 
two samples. 

5. An epiphasic pigment with sharp absorption maxima located at 3800, 
4000, and 4250 A was separated from one sample. It was identical with 
écarotene. Its concentration in potatoes was at least 0.11 parts per mil- 
lion, dry weight. It is suggested that é-carotene is identical with auro- 
chrome, derived by KArrer and JucKrer from £-carotene. 

6. Beta-carotene was detected ; its concentration was about 0.3 parts per 
million, dry weight. In one of the samples, the presence of the stereo- 
isomer, neo-beta-carotene-U was detected. 


The authors are grateful to Dr. J. S. CALDWELL and his associates for 
the material used in this investigation. They wish also to express appre- 
ciation of helpful advice received from Mr. CHARLES CARY. 
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It is well known that some reducing substances, resembling true sugars 
in their behavior, occur almost invariably in plant extracts and may intro- 
duce great errors into the estimation of those sugars. Since the soluble 
sugars commonly present in plants (glucose, fructose, sucrose and maltose) 
are easily fermented by yeast, this phenomenon suggests itself as a conveni- 
ent and practicable method for the fractionation of the total reducing sub- 
stances in any plant extract into fermentable and non-fermentable fractions. 


Methods 


TRIALS ON THE FERMENTATION OF PURE SUGARS BY ORDINARY 
BAKER’S YEAST 

After trials with various brands of baker’s yeast, a commercial brand, 
known in England by the name ‘‘Eureka’’ was selected as being most 
suitable. 

Considerable work was done to determine optimum conditions for fer- 
mentation of pure sugars, with the selected yeast in the shortest time possible, 
in order to evade the action of bacteria. The conditions dealt with involved 
the study of the different hydrogen ion concentrations in the yeast media, the 
amount of yeast necessary for the complete exhaustion of a given amount of 
a fermentable sugar, the different sugars the selected yeast can digest, the 
time required for the completion of the fermentation process, and some other 
technical points. 

The following technique was finally adopted : 10 ec. of 10% washed yeast, 
2 ec. acetate buffer (pH 4.7), 2 ce. 0.2 M KH.PO, and 25 ee. sugar solution 
of known strength are mixed in a 50-ce.smeasuring flask and incubated at 
35° C. for three hours. At the expiration of this period the mixture is 
neutralized to phenol red with N/10 NaOH, 4 cc. alumina cream are added 
with subsequent shaking of the flask, the volume is then completed up to 
50 ec., and the contents filtered dry. A few drops of toluene are added to 
the clear filtrate which is set aside for estimation. 

Very much smaller concentrations of yeast were found adequate for the 
complete removal of glucose, fructose, and sucrose in the time stated ; maltose 
fermentation, on the other hand, was much slower. Using the standard con- 
centration it was found that of 50 mg. maltose supplied, 90% had been 
removed in three hours; while practically complete removal in the same 
period was achieved when 5 ce. of 5% Taka-diastase solution were added to 
the yeast suspension. 

Trials with galactose and the pentose sugars (xylose and arabinose) 
under the standard conditions showed that of 35 mg. supplied 96%, 98%, 


1 The variety used in this work is known in England by ‘‘ Early Market.’’ 
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and 95% of the original amounts of these sugars were recovered, respectively. 
The small losses are presumably due to the development of bacteria under 
the conditions of the incubation, since estimations after twenty-four hours 
incubation gave very much higher losses; a result which makes HEINzE and 
MuRNEEK’s (5) practice of 48 hours incubation and that of Ryeaa@ (11) of 
18 hours incubation for fractionating yeast fermentable and non-fermentable 
parts of plant extracts rather questionable. 

Any loss of reducing power due to the absorption, by yeast, of some of the 
sugars under investigation can be neglected, since experiments in which the 
fresh yeast was precipitated with alumina cream, immediately after mixing 
with the sugar solutions, gave satisfactory percentage recovery: maltose, 
99% ; galactose, 100% ; arabinose, 100.5% ; and xylose, 99%. Glucose, how- 
ever, under the same treatment gave a recovery of only 96%, a result which 
is ascribed to its rapid fermentation, for with boiled yeast treated in the 
same way the recovery was 101%. 

Thus the technique adopted ensures the removal of glucose, fructose, and 
sucrose, leaving galactose and the pentose sugars practically untouched. 


APPLICATION OF THE TECHNIQUE ADOPTED FOR THE REMOVAL OF THE 
FERMENTABLE SUGARS FROM CARROT TISSUE EXTRACT 

Time curves for complete removal of fermentable sugars in carrot tissue 
extract were studied on many occasions. Because of the presence of some 
non-fermentable reducing substances which are continually attacked by bac- 
teria present in the yeast suspension, no constant value for these substances 
could be attained at any point on the time curve. For this reason, the method 
which was finally adopted to ensure the complete digestion of the reducing 
fermentable sugars in the tissue extract was as follows. 

A sample of the extract (about 20 cc.) was treated with yeast under the 
standard conditions, and to another aliquot sample a known amount of glu- 
cose was added ; in both cases the reducing value of the clear digest was the 
same. This implies: firstly, that fermentable sugars in the extract are totally 
removed ; and secondly, that nothing is present in the extract to hamper in 
any measurable way the action of yeast. 

To rule out any possible error which might arise from the application of 
yeast, a blank fermentation containing all of the reagents with distilled water 
in place of the experimental extract, was always carried out. It is interest- 
ing to note that the titration value of this yeast blank and that of pure dis- 
tilled water, were always practically the same, especially when the copper 
method was being employed for the estimation of reducing values. 

The amount of yeast used was decreased or increased according to the 
reducing value of the material to be fermented, and a corresponding inerease 
or decrease was made in the amount of alumina cream used for precipitation. 


EXTRACTION AND CLARIFICATION 


For the extraction of carbohydrates from carrot root tissue, the 80%- 
aleohol technique was employed. Extraction was carried out in a simplified 
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soxhlet-like apparatus until no color appeared in the drippings. This was 
considered the end point of extraction, according to previous work done in 
this laboratory. The simpler carbohydrates, such as the hexoses and the 
disaccharides, were sought in the alcoho! extract, the more complex forms in 
the aleohol insoluble residue. From the extract, the aleohol was removed by 
distillation under reduced pressure at 50°-55° C. to avoid the possibility of 
any sucrose inversion, especially towards the end of distillation when the 
bulk was reduced to a few ec. of a syrupy fluid. This latter was then taken 
up in water by washing it several times, with a little warm water and clean 
sand each time. The washings thus collected were finally clarified. 

Among the many clarifying agents used by earlier investigators (1), 
basic lead acetate was most extensively applied, followed by one of a number 
of such reagents as carbonates, sulphates, oxalates of sodium or potassium to 
remove the excess lead. Loss of reducing sugars, especially of fructose pres- 
ent in the extract, was noticed under such treatment by many workers, and 
was attributed to a destructive action of the lead salt on fructose (7). 
ENGuIs and Tsane@ (2) had experimentally shown that this loss in reducing 
sugars from tissue extracts, clarified with basic lead acetate, was due to the 
nature of the deleading agents used, and not to the lead salt. In view of the 
facts hitherto mentioned, many trials on clarifying carrot tissue extract were 
carried out, using some of the reagents most commonly used for this purpose. 
Two precipitants, namely basic and neutral lead acetate, were chosen. Each 
one of the two reagents was tried on two aliquot samples of the same extract. 


TABLE I 


REDUCING POWER OF THE CLEAR PLANT EXTRACT EXPRESSED AS GRAMS ‘‘GLUCOSE’’ PER 100 
GRAMS FRESH WEIGHT OF CARROT TISSUE 








se V. _V. oF THE 
TOTAL REDUCING | enue ae B eed ll 
‘LA NTS EMPLOYE VALUE ES Bee ° ? = 
CLARIFYING REAGENTS EMPLOYED | oe | FEMA: cmeeaahs om 
ig TION THE EXTRACT 








THE FERRICYANIDE METHOD 


(1) Basic lead acetate + disodium 











hydrogen phosphate 3.468 0.387 3.081 
(2) Basie lead actate + potassium 
oxalate | 8.287 | 0.887 2.900 
(3) Neutral lead acetate + di- 
sodium hydrogen phosphate | 3.761 0.376 3.385 
(4) Neutral lead acetate + potas- | 
sium oxalate 3.525 0.382 3.143 
THE COPPER METHOD 
(1) Basie lead acetate + disodium 
hydrogen phosphate ............... 3.294 0.340 2.954 
(2) Basie lead acetate + potassium 
oxalate 3.220 0.336 2.884 
(3) Neutral lead acetate + di- | 
sodium hydrogen phosphate 3.519 0.323 3.196 
(4) Neutral lead acetate + potas- | 
sium oxalate 3.229 0.312 2.917 
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The excess of lead was removed from each member of the two pairs of ali- 
quots with one or the other of the two deleading agents chosen; namely, 
disodium hydrogen phosphate and potassium oxalate. The reducing power 
of the aliquots was then estimated before and after fermenting the clarified 
extract with yeast. The estimation was carried out with both the ferri- 
eyanide (3) and the copper (12) methods, elaborated and modified in this 
laboratory for measuring the reducing power of plant extracts. 

The results presented in table I show that the application of lead acetate, 
either basic or neutral, followed by disodium hydrogen phosphate consist- 
ently resulted in higher reducing values than when potassium oxalate was 
used in place of phosphate; especially for the fermentable fraction of the 
extract which includes all the reducing sugars. These results are in accord 
with the conclusion of ENGuis and Tsane (2). 

Accordingly the treatment with basic lead acetate as a precipitant, fol- 
lowed by disodium hydrogen phosphate as a deleading agent, was adopted 
for the work on carrot tissue extracts. 


ESTIMATION OF INDIVIDUAL CARBOHYDRATES IN CARROT TISSUE 
EXTRACT AND THE METHODS EMPLOYED 


Two methods, previously modified and elaborated in this laboratory, for 
the estimation of reducing substances in plant extract, were used. 

THE FERRICYANIDE METHOD.—This is a modification of HAGEDORN and 
JENSEN’s (3) method which was first introduced and modified in this labora- 
tory by Hanes, and finally standardized by HutMs and Narain (6) for the 
estimation of pure reducing sugars in solution. 

THE COPPER METHOD.—This is a modification of SHarrerR and HARTMAN’S 
(12) method which was later standardized by MASKELL and NARAIN (work 
hitherto unpublished). The principal modification consists in the use of a 
less alkaline solution and the removal of oxygen from the mixture of extract 
and copper reagent before boiling, by means of a stream of nitrogen gas. 
Under these conditions there is no re-oxidation of reduced copper during 
boiling, and the thiosulphate titration value is proportional to the amount 
of sugar present, up to a maximum of 1.5 mg. of the reducing substance 
(hexose) to be estimated. 

Each of the two methods proved to have some characteristic merits. The 
ferricyanide has an advantage over the copper method in the fact that it is 
not affected by any oxygen that may be present in the experimental solution. 
Also larger amounts of reducing substances can be estimated by the ferri- 
cyanide than by the copper method ; the upper limits being 3.0 and 1.5 mg., 
respectively. On the other hand, the copper method, relative to monosac- 
charides, is less sensitive to reducing disaccharides than is the ferricyanide 
method. Consequently, with the copper method, the rise in the reducing 
value after the hydrolysis of disaccharides, will be relatively greater and 
hence more accurately estimated, than with the ferricyanide method. 

In view of the differences between the two methods and the advantages 
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each one has over the other in some respects, both were simultaneously used 
during the early part of this work. When the identity of the individual 
members of the carbohydrate group present in carrot tissue became well 
established, the copper method was chosen, being more suited to carry on 
with the rest of the estimations for this work (9). However, the ferricyanide 
method was called on whenever the necessity arose, to check results obtained 
by the copper method. 


ESTIMATION OF INDIVIDUAL CARBOHYDRATES IN CARROT 
TISSUE EXTRACT 


THE ALDOSES AND KETOSES OR APPARENT HEXOSES.—Among the methods 
used for the estimation of aldose sugars is the iodometrie one, elaborated by 
Romign (10) and based on the oxidation of aldoses by iodine in alkaline 
solution. MASKELL and NARAIN (unpublished data) found this method to 
give correct results for mixtures of pure sugars; for leaf extracts, however, 
the figures for aldose sugars, indicated by the iodine used up, were invariably 
much too high. 

In the present work, the method was tested on carrot tissue extract. The 
residual iodine in the experimental samples was titrated with N/10 sodium 
sulphite and the difference between the values thus obtained and a blank 
estimation, gave values in terms of Na,SO, equivalent to the I, reduced by the 
experimental solutions. Table II contains a few sets of results which repre- 
sent values for the aldoses estimated by the iodometric, ferricyanide, and the 
copper methods. In using the two latter methods for the estimation of the 
aldoses, samples of the extract were treated with iodine as mentioned above, 
merely to remove the aldoses; then the ketoses, presumably left untouched, 
were estimated. The difference between the reducing value of the extract 
both before and after the iodine treatment gave the value for the aldoses. 
The extract used for this investigation was previously hydrolyzed with N /2 
HCl for increasing lengths of time at 60° C. during the course of elaborating 
techniques for sucrose estimation. The figures obtained and presented in 
table II are in accord with NaRaIn’s (8) results working on pure sugars and 
ivy leaf extracts. 

In view of the excessively high estimates obtained for apparent glucose 
(aldoses) with the iodometric method, the use of this method for accurate 
estimation of these sugars was ruled out. It not only falsifies the figures for 
aldoses, but it also ieads to fictitious results for ketoses which are to be ob- 
tained by subtracting the aldose value from the total reducing value of the 
two, estimated jointly by either the ferricyanide or the copper method. 
Despite the limitations of ihe iodometric method and in view of the fact that 
ketoses are hardly oxidized by iodine under these conditions, the iodometric 
method was made use of merely as a means of getting the aldoses present in 
the extract inactive by oxidation, leaving the residual ketoses to be estimated 
by either of the standard methods. The coupling of the iodometrie method 
with the standard reduction methods, proved very valuable in obtaining 
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reliable and accurate results. Trials for recovering pure sugars (glucose, 
fructose, and sucrose) added to the tissue extract proved satisfactory. 

THE TRUE HEXOSES—GLUCOSE AND FRUCTOSE.—Some reducing substances 
that may be mistaken for glucose and fructose proved to be always present 
in carrot tissue extract ; since these substances proved to be completely re- 
sistant to yeast fermentation, the yeast fermentation technique was applied, 
as described previously, to fractionate the reducing substances in the extract 
into non-fermentable and fermentable fractions. This latter was taken to 
represent the joint value of true glucose and true fructose. Practically in 
every case where the yeast fermentation technique was applied, and before 
applying the estimates of the non-fermentable substance to the interpretation 
of experimental results, a test was carried out to ensure the complete removal 
of the fermentable sugars, without prolonging the standard fermentation 


TABLE II 


THE EXPERIMENTAL MATERIAL WAS HYDROLYZED WITH N/2 HC! at 60° C. FOR VARIED 
LENGTHS OF TIME BEFORE OXIDATION WITH IODINE 




















GRAMS APPARENT GLUCOSE PER 100 GRAMS 
MATERIAL USED F, WT. ESTIMATED BY THE: 
IODOMETRIC PERRICYANIDE | COPPER 
20-ee. extract hydrolyzed for 4 minutes 3.735 | 2.617 2.720 
‘6 | 2.123 2.991 
pS es 2.820 2.655 2.220 
300 ¢# 3.100 | 2.800 2.632 
60 ‘6 4.230 2.515 2.861 
Results of another set from a duplicate | 
extract 
20-ce. extract hydrolyzed for 4 minutes 5.072 2.158 3.365 
e¢ 4.795 2.656 3.487 
16 ee 5.640 3.578 3.139 
30. 5.215 3.559 3.347 
60 $6 4.650 3.325 3.295 





period. This involved the fermentation of an aliquot sample of the extract 
to which a known amount of pure glucose or pure fructose was added. In 
almost all cases, the results obtained after fermenting the entire and mixed 
extracts, agreed fairly well. In cases when such an agreement was not 
attained, however, the quantity of yeast employed was increased to effect 
such agreement. 

Although the joint value for true glucose and true fructose present in 
carrot tissue extract could be obtained according to the technique so far 
described, no accurate separate values for the two hexoses could possibly have 
been obtained without firstly ascertaining whether this non-fermentable frac- 
tion belonged to the aldo or to the keto type of reducing substances, or 
whether it was a mixture of the two; and secondly, estimating the value of 
each component of a mixture. 

ALDO AND KETO NON-FERMENTABLE SUBSTANCES.—To separate the non-fer- 
mentable substances into aldo and keto fractions, 20- to 30-ce. samples of the 
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extract were fermented under the conditions of the standard method, and 
the reducing value of the fermented extract was estimated. Samples of the 
fermented extract were then oxidized with iodine and the reducing value of 
the oxidized solution was again measured. This latter value was taken to 
represent the keto non-fermentable substance, and the difference between 
this and the total value (before oxidation but after fermentation) to repre- 
sent the value for the aldo non-fermentable substance. By subtracting these 
two figures from those representing the total ketoses and total aldoses (appar- 
ent hexoses, respectively ) the values for true fructose and true glucose were 
obtained. This procedure with a slight modification, was duplicated for con- 
firmation. The same steps were performed, only with their sequence re- 
versed; namely, oxidation preceding fermentation. With both sequences 
fairly good agreements were obtained. The results obtained at this stage 
and throughout the present work, indicated that the non-fermentable matter 
present in carrot root extract is composed of two different types; i.e., a keto 
and an aldo, and that the keto type constituted the major part; at times the 
aldo type was entirely absent. Nothing like a constant ratio between the 
relative values of these two substances did exist at any time. This realiza- 
tion, coupled with the fact that the value of the non-fermentable fraction in 
the extract was by no means too low to be ignored, rising at times to more 
than 10% of the value for true hexoses, necessitated going through the tedi- 
ous processes of their fractionation whenever the estimation of true sugars 
was required. 

Before passing to the estimation of other members of the carbohydrate 
group present in carrot tissue extract, a few trials were carried out to check 
the reliability of the figures so obtained in representing the true hexoses in 
that extract. Recovery of pure fructose added to the extract was tried, both 
before and after treating the mixture with iodine. Within the limits of ex- 
perimental error, 100% recovery was obtained, suggesting that nothing in 
the carrot tissue extract, nor the treatment with iodine, affects the recovery 
of pure sugar added to the extract in any measurable degree, and hence the 
genuineness of the figures for glucose and fructose present in this extract 
may be accepted. 

THE DISACCHARIDES—SUCROSE.—The method adopted in this laboratory 
and applied to pure sucrose and leaf extracts was based on hydrolyzing the 
material to be analyzed for sucrose, with half normal hydrochloric acid at 
60° C., and measuring the reducing value after hydrolysis. 

Since the value for sucrose in carrot tissue extract was to be obtained 
from the increase in the reducing value of the extract after hydrolysis with 
N/2 HCl at 60° C., the accuracy of such a value would necessarily depend on, 
firstly, whether the non-fermentable reducing substances in the extract would 
undergo any substantial change under the conditions of hydrolysis; and, 
secondly, whether any disaccharide, other than sucrose, may be present in 
the extract to augment the reducing value of that extract on hydrolysis. 

A few trials were carried out to test the behavior of the non-fermentable 
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TABLE III 
REDUCING VALUES AS MGS. GLUCOSE 
IN 20 CC. TISSUE EXTRACT 
MareRiaL ESTIMATED BY: 
THE FERRI- THE COPPER 
CYNIDE METHOD METHOD 
mg. mg. 
20-ce. extract fermented mere 15.80 | 13.6 
20-ee. extract hydrolyzed and fermented .... 10.00 37° | 9.4 2° 





* Percentage loss. 


reducing substances under these conditions. Samples of the extract were 
fermented and other aliquot samples were hydrolyzed and then fermented. 
Results obtained and recorded in table III clearly show a consistent loss of 
the non-fermentable material; a loss which suggests that the material in 
question had either undergone partial destruction under the prevailing con- 
ditions, or had been partially hydrolyzed into some substance fermentable 
by the yeast used. To clear up this point, samples of the extract were fer- 
mented, and a part of the fermented extract hydrolyzed with N/2 HCl at 
60° C. The result thus obtained and recorded in table IV indicates that the 
non-fermentable reducing matter in carrot tissue extract undergoes partial 
destruction under the conditions of hydrolysis with N/2 HCl. Although the 
loss in the non-fermentable substance amounted to over 30% at times, the 
total value of this substance relative to the total reducing power of the carrot 
tissue extract (after hydrolysis) is quite small, the allowance for this destruc- 
tion can be safely ignored without appreciably affecting the results for 
sucrose. 

To find out whether sucrose was present and if so, whether it was the only 
disaccharide that occurs in carrot tissue, a study of the hydrolysis time curve 
was carried out. Such a curve would also indicate the period necessary for 
hydrolysis to attain completion. For this purpose two comparable tissue 
samples A and B were separately extracted and clarified. From the clear 











TABLE IV 
REDUCING VALUES AS MGS. GLUCOSE 
in 20 cC. TISSUE EXTRACT 
SSTIMATE ys 
Si seemsar, ESTIMATED ied a ene 
THE FERRI THE COPPER 
CYANIDE METHOD METHOD 
| mg | | mg. 
20-ce. extract fermented | 15.2 | 126 
| | 
20-ce, extract hydrolyzed and fermented | seas | oo. | tS). oe 


* Percentage loss. 
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extratts, two sets of samples, one set for each extract, were hydrolyzed with 
N/2 HCl at 60° C. for varied lengths of time, and their reducing values 
-estimated both before and after hydrolysis with both the two standard 
methods. The results obtained are presented in table V. It is evident from 
these results, that the total reducing value of the extract rose rapidly with 
time, until a level was reached after 16 minutes, beyond which time no 


further increase or decrease took place. 


TABLE V 


ANALYSIS OF TWO DUPLICATE EXTRACTS A AND B 
RESULTs ARE EXPRESSED AS GRAMS APPARENT HEXOSES PER 100 GRAMS FRESH WEIGHT 


























ToTaL R.V. 
METHOD AS APPAR- APPARENT APPARENT 
OF ESTI- MATERIAL USED ENT GLU- FRUCTOSE GLUCOSE 
MATION COSE 
(1) (2) (3) 
gm. gm. gm. 
by cop- Unhydrolyzed extract 9 — 3.783 | } = 1.775 oe } 2.008 
Hydrolyzed at 60° C. for: 
4 minutes A. | 5.375), 2.788 ) 2.587 
B. | 6.020 | 5-608 | 5798 } 2.750 | $955 t2.041 
ce 44 € 
? B. | 5.960 { 6060 | 3910 | 8-196 | 9'750 | 2.044 
1 «*S A. | 6.355 ) 3.140). 3.215 ) 
B. | 6.320 5 938 | 3'907 5 3-074 | 3'313 5 3.264 
sé R OF € 9 9° 
a + | oo 6.338 be 3.160 — 3.178 
60 «¢ A. | 6.310) 2 ap | 2.808 3.502 } ; 
B. | 6.420 | ©3965 | 3159 {2.979 | 3.979 | 3.386 
— Unhydrolyzed extract - — 4.164 — te 262 7 1.902 
Hydrolyzed at 60° C. for: 
4 minutes A. | 5.880) | 3.338 ) 2.542 ) » oor 
B. | 6.960 ; © 42 | 3950 ¢ 3-2 | 3'910 « 3-276 
i. A. | 6.930 ) 3.562 )o « 3.368 ) » sor 
| B. | 7.032 5 981 | 3'550 5 3-956 | gage 5 3-42 
ae +4 A. | 7.465 ) > 4145 | 3-575 o ene | 3.890) 
| B. | 7.365 { 425 | 3.435 ¢ 9-505 | 3'9a9 ¢ 3-910 
ee ee. A. | 7.135) 4. 3.587 Da « 3.548 } 
| B. | 7.440 5 7-288 | 3.607 5 3-59 | 3.933 ; 3-69! 
| 6 ¢ A. | 7.185) arg | 3.475) 3.710 } 
| B. | 7.570 5 7-378 | 3'300 4 3-388 | 4'o70 5 3-990 











To identify and fractionate the hydrolysis products, the reducing values 
of the extract, before and after hydrolysis, were resolved into ketose and 
aldose fractions, and the results obtained were again recorded in table V 
under columns 2 and 3, respectively. 

Since the maximum reducing value of the hydrolysis products was 
attained after 16 minutes and remained constant beyond that time, the values 
obtained for each set (A and B) in 16, 30, and 60 minutes were treated as 
comparable estimates of the hydrolysis products, and accordingly their mean 
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for each set, as well as for the two sets combined, was taken to give a more 
accurate estimate for 100% hydrolysis. In table VI, column 2, the means of 
the three last estimates for the hydrolysis products, differentiated into 
aldoses and ketoses are presented. In the same table, column 1, are also 
tabulated the aldoses and ketoses initially present in the extract. Since no 
allowance for destruction in the non-fermentable matter was involved at this 
stage, the difference between the corresponding values in columns 1 and 2 
was taken to represent true glucose and true fructose that resulted from the 
hydrolysis of the substance or substances under investigation. These values 
for true glucose and fructose are shown in column 3. 

The results obtained by the copper method (table VI) suggest that the 
products of hydrolysis, within the limits of experimental error, are composed 
of equal quantities of true glucose and true fructose. By the ferricyanide 


TABLE VI 


REDUCING VALUES AS GRAMS HEXOSE PER 100 GRAMS FRESH WEIGHT 





APPARENT HEXOSE INCREASE IN TRUE 





METHOD Siseeas, AFTER HYDROL- = 


























] HEXOSES DUE TO 
val HYDROLYSIS 
OF ESTI- MATERIAL | 8 
MATION (1) (2) | (3) 
| KETOSES ALDOSES KEToses | ALDOSES FRUCTOSE |GLUCOSE 
| a m, gm, gm, gm, gm, gm. 
Copper Set A 1.7 2.07 3.02 | 3.28 | 1.31 1.21 
Set B | pF a4 1.95 3.12 3.27 | 1.28 1.32 
Mean (A&B) 1.775 2.01 3.07 | 3.275 | 1.295 1.265 
| | 
Ferri- Set A | 2.18 1.82 9.55 | 3.72 1.37 1.90 
eyanide Set B | 2.34 199 | 3.45 4.01 | 1.11 2.02 
Mean (A & B) 2.26 1.905 3.50 3.865 | 1.24 1.96 





method, however, glucose is consistently higher than fructose; a discrepancy 
which is quite inexplicable and must be ascribed to some failing in that 
method rather than to a substance in the extract responsible for this excess 
of glucose. This assumption is substantiated by the fact, as mentioned 
earlier, that the copper method relative to hexose is less sensitive to disac- 
charides than is the ferricyanide method ; hence it follows that in ease of the 
presence of a substance of this category in the extract, the copper method 
should give—after hydrolysis—higher reducing values relative to the initial 
reducing power of the extract, than would the ferricyanide method. In no 
instance was this the case ; on the contrary, the ferricyanide method invari- 
ably gave higher results. Nevertheless, an attempt was made to find a cause 
for this disparity between the two components (glucose and fructose) of the 
hydrolysis products, as estimated by the ferricyanide method ; a cause which 
was thought to lie probably in the oxidation reagents and their possible inter- 
ference with the estimation of ketoses—and consequently the aldoses. After 
many fruitless efforts, through which it was well established that the oxida- 
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tion reagents did in no way interfere with the estimation of the reducing 
power of carrot extracts no such cause was discovered to account for the 
behavior of the ferricyanide method in this respect. 

Since the rate of hydrolysis of any material under any given set of con- 
ditions is a fairly good index to its identification, the rate of hydrolysis of 
carrot root extract under these conditions was calculated, in the hope of 
shedding some light on the nature of the substance in question. The results 
of calculation are shown in table VII. The mean value of the last three esti- 
































TABLE VII 
PERCENTAGE AND RATE OF HYDROLYSIS 
METHOD OF ESTIMATION 
TIME OF THE COPPER METHOD | THE FERRICYANIDE 
HYDROL- aie i : 
ouen Incanase HYDROLYSIS | INRCEASE HYDROLYSIS 
IN IN 
. . ‘ED T- ° . — 
GLU. + FR. er RATE* | GLU. + FR. se RATE 
j | 
% | | % 
4 minutes 1.915 74.7 0.37 2.257 70.6 0.31 
. 2.278 88.9 ‘per 2.818 | 88.2 ‘“per 
16 ai 2.555 99.7 minute ’’ 3.252 101.7 minute’’ 
30 a¢ 2.555 99.7 3.124 97.8 
60 in 2.583 100.7 3.214 100.6 
vclincuninal Mla Uvalactannd : OR ier: AR Hine 
Mean of 16, 2.564 100.0 3.197 100.0 
30, and 
60 min- 
utes | | | 








* Rate of hydrolysis was worked out according to the equation (4) 

1 a 
K = - log —— 
t eo 


Where K is rate of hydrolysis in t time: a the amount of cane-sugar present at the start, 
and x the amount of cane-sugar that is hydrolyzed. 

mates for the hydrolysis products (after 16, 30, and 60 minutes) was taken 
to represent 100%. Accordingly, percentage hydrolysis after varied lengths 
of time, and also the rate of hydrolysis {after Harvey (4)] were calculated. 

It is evident that the results obtained for the products of hydrolysis at 
60° C. with N/2 HCl, show that: 

1. The hydrolysis time curve attained a maximum value after 16 minutes, 
beyond which time it kept practically level. 

2. The hydrolysis products are composed entirely of glucose and fruc- 
tose, as measured by the copper method. 

3. The rate of hydrolysis of the extract is of the same order as that for 
pure sucrose under the same conditions. 

Such conclusions strongly suggest that sucrose is the only disaccharide 
present in carrot tissue extract. Accordingly, the technique adopted for the 
estimation of sucrose in this work, was based on treating the extract with 
N/2 HCI at 60° C. for 30 minutes. 
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, Mautose.—The method which has been used in this laboratory by Mas- 
KELL and Nakain: (unpublished data) for the estimation of maltose, based 
on the hydrolysis of this sugar with N HC! at 100° C. and allowing for the 
destruction of the hydrolysis products at the rate of 1% per hour, was tried 
on carrot tissue extract; also hydrolyzing the extract with 0.5% Taka- 
diastase was attempted. Results obtained are recorded in table VIII, to- 
gether with the reducing value of the same extract after N/2 HCl hydrolysis 
at 60° C. The increase due to hydrolysis after both the treatment with N/2 
HCI at 60° C. and with 0.5% Taka-diastase is practically the same. The low 
results obtained after hydrolysis with N HCl at 100° C. might be due to a 
greater rate of destruction than has been allowed for. These results further 
confirm the conclusion, already arrived at; namely, that sucrose is the only 
disaccharide present in carrot root tissue. 


TABLE VIII 


REDUCING VALUES OF CARROT TISSUE EXTRACT AS GRAMS TRUE HEXOSES PER 100 GRAMS 
FRESH WEIGHT BEFORE AND AFTER DIFFERENT TREATMENTS* 











HYDROLYZING AGENT: 


REDUCING VALUES 








7 : oe 0.5% TAKA- 
9° 

N ory - | 7 ~ - DIASTASE 

v9 | sy AT 35° C, 
gm. gm. gm, 
T.R.V. before hydrolysis . 4.165 | 4.155 4.200 
T.R.V. after ee ; 7.365 6.906 7.403 
Inerease ‘‘ e¢ 3.200 2.751 3.203 





* Figures shown in this table are means of values obtained for the duplicate extracts 
A and B by the ferricyanide method. 

To conclude: here follows a short account of the steps followed for a com- 
plete analysis sheet of individual carbohydrates, present in the 80% alcohol 
extract of carrot tissue, according to the technique hitherto discussed : 


STEPS TREATMENT RESULTS 
A. Extract directly estimated Direct total reducing value 
B. Extract fermented with yeast and Total non-fermentable reducing matter 
estimated 
C. Fermented extract oxidized with Keto non-fermentable reducing matter 
iodine 
D. Extract oxidized with iodine Total direct reducing ketoses 
E. Extract hydrolyzed with N/2 HCl Total reducing value after hydrolysis 
at 60° C. 
F. Hydrolyzed extract oxidized with Total reducing ketoses after hydrolysis 
iodine 
Thus 
A-B = Total fermentable reducing matter, or true hexoses 
B-C = Aldo non-fermentable reducing matter 


A-D = Total direct reducing aldoses 
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A-D-(B-C) = Fermentable direct reducing aldoses or true glucose 


D-C = Fermentable direct reducing ketoses or true fructose 

E-A = Total increase in fermentable reducing matter or the in- 
crease in glucose and fructose due to inversion 

E-F = Total reducing aldoses after inversion 

F-D = Increase in fructose due to inversion 


E-—F-(A-D) = Increase in glucose due to inversion 


All the results obtained according to the above scheme represent reducing 


values in terms of glucose, and accordingly (D-C) and (F—D) in order to 
represent fructose, must be corrected by adding 3%; fructose being that 
amount lower in its reducing power than glucose, as estimated by the copper 
method. Hence it follows: 





(B20) x 0 = Initial fructose 
97 
eee = Increase in fruetose after 
inversion 

F- . : 
eee E-F-(A-D) = Sucrose as invert sugar 
342 (F-D)x100 | 5 
360 x ( 97 + E-F—(A-D) } = Suerose as such 


Summary 


1. Carrot tissue was extracted with 80% boiling aleohol. The aqueous 
extract was cleared with basic lead acetate and disodium phosphate. 

2. Using the two reduction methods (the copper and ferricyanide) glu- 
cose, fructose, and sucrose were found and estimated in the clear extract. 
Maltose was entirely absent. 

3. Trials for fermenting various sugars with ordinary baker’s yeast were 
attempted. Glucose, fructose, and sucrose were completely fermented in 
less than three hours. Maltose was more resistant than the three mentioned 
sugars. It was almost equally rapidly fermented when a solution of Taka- 
diastase was added to the yeast suspension. The pentoses, arabinose and 
xylose, were not attacked by the yeast used. 

4. The yeast technique was applied to carrot tissue extract for separating 
the non-fermentable reducing matter which was generally taken for reducing 
sugars. 


This work was carried out at the Botany School, Cambridge, England. 
The author wishes to express his indebtedness to the late Dr. F. F. Buack- 
MAN, F.R.S., for his kind encouragement and to Dr. E. J. MASKELL, F.R.S., 
for his intense interest in the work and his continual advice and criticism. 
The author further wishes to thank Mr. C. Sewexu for his help with the 
analyses. 
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Introduction 


It has long been known that wounded plants respire more intensely than 
intact ones (3, 5, 6, 13, 14, 17, 18, 22, 23, 29, 30, 31, 32). 

Aupvus (1, 2), and Gopwin (10) reported that handling of plant parts, 
without apparent wounding, causes great increase in their rate of respira- 
tion. The stimulus that causes this rise in respiration arises apparently 
from deformation of cells by bending or rubbing. MILLER (19) states that 
the marked increase in the output of carbon dioxide following injury is 
probably due to the escape of the gas that has accumulated in the inter- 
cellular spaces of the tissues. There is no doubt that injury of bulky organs 
renders the atmospheric oxygen more accessible across the tissues (3, 18, 
19, 27, 32). 

TuRNER (31) observed that when carrot roots are sliced into 1-mm.-thick 
dises, the latter usually give a high initial rate of respiration which exhibits 
wide variations but with general tendency to fall. After 50 hours, the 
fall in respiration becomes more regular until after 150-200 hours, a rate 
is reached which is about the same as that of intact carrot root. The high 
initial respiration of the carrot slices is ascribed to stimulation caused by 
cutting, washing, and handling. 

BENNET-CLARK and BEexon (3) found that with continued washing in 
aerated tap water, the respiration rate of beet root slices rises from a very 
low value shortly after cutting to a high maximum value after some 300 
hours’ washing, a value which is then more or less maintained for another 
350 hours. The authors suggest that the rise in the respiration of the slices 
and the maintenance of high rate for many days is due to less restricted 
gaseous exchange and to mechanical injury and wound stimuli which may 
induce metabolic changes leading to an increased concentration of respirable 
substrate or of respiration enzymes. 

Stes & Dent (30), measuring the respiration activity of dises from 
various storage tissues, found that on first cutting out the slices the respira- 
tion starts low and rises slowly in aerated running tap water to a much 
higher level which may be maintained constant for a time, but from which 
it slowly diminishes. These two authors agree with BEnNet-CLARK and 

1 This is the fourth of a series of papers on the general subject of Researches on Plant 
Metabolism. 
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Bexon (3) in the explanation of the gradual rise of the respiration activity 
as a consequence of separation of thin slices from a storage organ, and they 
further consider the subsequent fall in respiration rate to be due to ex- 
haustion of the respirable substrate or to the slow development of some 
depressant factor. 

Some of the metabolic changes that occur as a result of injury of plant 
organs have been studied. Thus Gruss (12) observed that wounding of 
potato induced sugar accumulation and increased oxidizing enzymes and 
diastatic activity in the cells around the wound. FRrepricw (9) noted in 
the cells bordering the cut surfaces of potato an increase in the total nitrogen 
and reducing sugars. Hopkins (15) showed that wounding caused disap- 
pearance of starch and increase in sugar content; the latter resulted in in- 
erease of respiration activity. LuTMawn (18), on the other hand, was of the 
opinion that the increase in sugar concentration had no relation with the 
inerease in respiration of wounded tissues. 

Recent work seems to indicate that respiration may be more closely con- 
nected with nitrogen metabolism than with carbohydrate changes (11, 16, 
21, 28). Zaueski (34) claimed that wounded storage organs always in- 
ereased their protein content, presumably at the expense of their soluble 
nitrogen. 

The aim of the present paper is to investigate the changes in the respira- 
tion activity resulting from the separation of thin slices from roots of 
Raphanus satwus Aegyptiacus, and to see if these changes would be accom- 
panied by variations in the nitrogen fractions of the plant. 


Experimentation and results 


The carbon dioxide given off in respiration was absorbed in Pettenkofer 
tubes and then estimated titrimetrically. By the use of a battery of Petten- 
kofer tubes and a commutator designed by F. F. Blackman, a continuous day 
and night record of respiration could be obtained. The methods used for 
the estimation of the various nitrogen fractions have already been referred 
to in a previous paper (25). 

Mature radish plants were usually brought to the laboratory early in the 
morning; the leaves were removed, the roots thoroughly washed with tap 
water and then wiped dry. In experiments on whole roots, the fresh weights 
of the roots were first determined ; and then the cut ends were sealed with 
wax of low melting-point. Slicing of the roots was always carried out by 
means of a special sledge microtome. The following experiments are typical 


representatives of many repetitions and the results reported have been fully 
confirmed. 


FIRST EXPERIMENT 


RESPIRATION AND NITROGEN METABOLISM OF WHOLE RADISH ROOTS.—Four 
more or less similar roots were sterilized by means of freshly prepared solu- 
tion of 6.66 per cent of calcium hypochlorite as recommended by WiLson 
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(33) and Prarsaut and Biuuimoria (20), and then washed with sterilized 
distilled water. After that two roots were extracted with boiling distilled 
water and immediately analyzed for the various initial nitrogen fractions. 
The other two roots were placed in two respiration chambers which were 
then submerged to the neck in a water-bath whose temperature was kept con- 
stant at 25° C. by means of a toluene-mercury thermo-regulator. A ecarbon- 
dioxide-free air was passed through the chambers at a rate of two liters per 
chamber per hour. Allowance of two hours was always given for the sweep- 
ing of all the carbon dioxide present in the apparatus, and also for the plant 
material to adapt itself to the temperature of the bath. After that the car- 
bon-dioxide outputs by the two roots were estimated at 8-hour intervals for 
120 hours. At the end of the experimental period, the two samples were 
extracted in boiling water and analyzed for their nitrogen fractions. 
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Fig. 1. Drift in the respiration rate of mature whole radish roots. 


RESPIRATION OF WHOLE ROOTS.—The average carbon-dioxide output of the 
two samples is represented graphically in figure 1, being caleulated as grams 
CO, given off by 100 grams fresh weight of roots per hour. The results of 
this as well as many similar experiments showed that the respiration of 
whole radish roots always proceeds at a low but steady rate for prolonged 
periods. 

ANALYSIS Of TISSUES.—The results obtained from the analysis of the 
radish roots for their nitrogen fractions are recorded in table I. It is clear 
from this table that very little change, if any, takes place in the nitrogen 
fractions during 120 hours’ starvation of mature radish roots. It is inter- 
esting to note that small but consistent inverse changes are always observed 
in the ammonia and amide-N fractions. 


SECOND EXPERIMENT 


RESPIRATION OF WHOLE AND SLICED ROOTS.—The respiration of two whole 
roots was determined in the usual way as in the first experiment except that 
the carbon-dioxide outputs were estimated at 5-hour intervals. After 45 
hours, when the steady drifts in the rates of respiration of the two samples 
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or 


TABLE I 


CHANGES IN THE NITROGEN FRACTIONS OF WHOLE RADISH ROOTS RESPIRING IN AIR 
FOR 120 HOURS, ALL BEING CALCULATED IN MILLIGRAMS PER 
100 GRAMS FRESH WEIGHT 
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were ascertained, one root (sample A) was sliced, and the slices were sus- 
pended in 200 ml. of sterilized distilled water through which air was passed. 
The carbon-dioxide outputs by the whole and sliced roots were then followed 
for another period of 80 hours. The drifts in the respiration rates of both 
whole and sliced roots throughout the experimental period of 125 hours are 
presented in figure 2, all being calculated as grams carbon dioxide given off 
per 100 grams fresh weight of tissue per hour. 

During the first 45 hours the two roots showed similar low but steady 
respiration rates as in the previous experiment. The period immediately 
following the slicing of sample (A) was characterized by irregular increases 
in the carbon-dioxide output by the sliced root. The respiration of the other 
whole root continued at a low steady rate with very slight tendency to fall. 

It is interesting to note that the respiration rate of the sliced root reached 
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Fig. 2. Respiration rates of whole and sliced radish roots; arrow indicates the point 
at which slicing of sample A took place. 
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its maximum 30 hours after slicing and then subsided fairly rapidly for 20 
more hours, after which it reached a steady level course parallel to that of 
the intact root, though slightly higher. The results of this and many similar 
experiments agree well with the findings of Stmzs and Dent (30) using 
slices from various storage organs. It may be recalled here that BENNET- 
CLARK and Bexon (3) failed to record the decline in the respiration inten- 
sity of the slices after reaching its maximum, and TuRNER (31) did not ob- 
serve the rise of the respiration rate of slices from a low value to a maximum. 

The rise in respiration rate obtained after cutting out the discs has been 
attributed to more free gaseous exchange (3, 19, 30, 32), to mechanical and 
wound stimuli (1, 2, 10, 18, 31) which may induce internal metabolic changes 
leading to increased concentration of respiratory substrate or of respiratory 
enzymes (3, 9, 12, 15, 30). 

The fall in respiratory activity of the slices after reaching its maximum 
has been considered by StiLEs and Dent (30) as due to exhaustion of res- 
piratory substrate or to slow development of some depressant factor. The 
former seems to be the more probable explanation since STILEs and DENT 
(30) have shown that the respiratory quotient of beet root slices and other 
tissues decline from 1 down to 0.85 under conditions leading to starvation ; 
and this has been attributed to the utilization of proteins after the depletion 
of the carbohydrate substrate. Relevant to this point it may be stated that 
feeding the radish root slices with sugar causes a great increase in the res- 
piration intensity of these slices well above that of the slices in distilled 
water (25). It must be remembered that while the more free accessibility 
of oxygen across the root slices tends to increase their respiration, the ex- 
haustion of the available respirable substrate opposes and may even mask 
the effect of oxygen. Sip and Suisurny (25) have shown that the increase 
in respiration rate with increase in specific tissue surface is much greater in 
sugar-fed slices than in slices suspended in water. 


THIRD EXPERIMENT 


RESPIRATION AND NITROGEN METABOLISM OF SLICED RADISH ROOTS.—Previ- 
ous work (24, 25) has shown that the slices most suitable for the study of 
respiration and metabolism are those of 1 mm. thickness. For the present 
experiment, therefore, four more or less comparable samples of radish root 
slices of 1 mm. thickness were prepared in the following way: two consecu- 
tive dises were dried between blotting papers and then halved; each half was 
placed at random in one of four tin boxes whose weights had been deter- 
mined, this procedure continued until about 20 grams of slices were obtained 
in each box. The four samples were first washed with calcium hypochlorite 
solution and then with sterilized distilled water. Samples 1 and 2 were 
extracted in boiling water and analyzed for their initial nitrogen fractions 
immediately. Samples 3 and 4, on the other hand, were placed in two respi- 
ration chambers, each containing 200 ml. of sterilized distilled water through 
which carbon-dioxide-free air was passed, and their carbon-dioxide outputs 
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were measured at 5-hour intervals. After 50 hours, when the respiration 
reached its steady rate, sample 3 was removed, extracted, and then analyzed 
for the various nitrogenous fractions. Sample 4 was left to continue respir- 
ing for another period of 55 hours and then analyzed for its nitrogenous 
fractions. 

RESPIRATION OF RADISH SLICES.—The respiration of sample 4 is graphically 
represented in figure 3, being calculated in grams carbon dioxide per 100 
grams fresh weight of slices per hour. The results of this experiment con- 
firmed those of the previous one in showing that on first separating the thin 
slices from the root, their respiration starts low, and then increases to a 
maximum rate which may be reached after 20 to 30 hours, depending upon 
the previous history of the plant organ and experimental conditions such as 
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Fig. 3. Drift in the respiration rate of radish root slices. 


temperature et cetera. This is followed by a subsequent rapid decline to a 
low steady rate which may be maintained for prolonged periods with very 
slight tendeney to fall. 

ANALYsSIs OF TISSUES.—The results obtained from the analysis of the 
tissues for their nitrogenous fractions are given in table II. It is clear 
that the radish slices showed great changes in their nitrogenous fractions 
in the first 50 hours that followed cutting out the slices. After this period, 
very few changes took place in the nitrogenous fractions during the next 55 
hours. It should be recalled that during this latter period the respiration of 
the slices was maintained at a low and steady level. 

The essential change in the nitrogen metabolism that resulted from eut- 
ting out the dises was a decrease in the total soluble-N and an increase in 
the protein-N. The increase in the protein-N was too small to account for 
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the decrease in the total soluble nitrogen. Examining the mean value of 
the total nitrogen of the initial samples 1 and 2 and that of sample 3, it 
was found that sample 3 had lost 40.0 mg. nitrogen per 100 gm. fresh weight 
of tissues, which must have diffused out into the water medium. When 
the latter was analyzed, 39.3 mg. nitrogen could be recovered from the 
medium of 100 gm. fresh weight of slices. 

It is interesting to note that although the radish slices lost a good deal 
of their nitrate nitrogen during the first 50 hours, yet no trace of nitrates, 
and insignificantly small amounts of ammonia-N, could be detected in the 
nitrogen recovered from-the water medium. It seems, therefore, that the 
nitrates which disappeared from the tissues during the wounding metabolism 
must have been reduced and then transformed into some organic soluble 


TABLE II 


THE EFFECT OF ROOT SLICING ON NITROGEN DISTRIBUTION ; ALL FRACTIONS ARE GIVEN 
IN MILLIGRAMS PER 100 GRAMS FRESH WEIGHT 
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4 distilled 14.8 1.2 6.8 | 44.8 67.6 | 70.6 | 138.2 40.5 
water 




















form. The latter, together with the ‘‘other nitrogen’’ already present in the 
slices, might have been partly synthesized into protein and partly excreted 
into the external medium. 

Another alternative that seemed plausible was that the protoplasm of the 
eut cells on the surfaces of the slices might have been disorganized and its 
proteins broken down into organic soluble compounds which appeared in 
the water medium. In the meantime, some nitrates, together with some of 
the ‘‘other nitrogen,’’ were synthesized into proteins, thus compensating 
for all the protein of the disorganized cut cells and even exceeding the initial 
protein nitrogen content by 9 mg. per 100 gm. fresh weight of slices. Both 
alternatives might take place. 

The amide nitrogen that disappeared from the slices during the first 50 
hours of the experiment was most probably excreted into the medium. The 
increase in this nitrogen fraction during the later part of the experiment 
might have come from amidation of some amino-acids. 
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FOURTH EXPERIMENT 


RESPIRATION AND NITROGEN METABOLISM OF RADISH SLICES IN ALTERNATING 
AIR AND NITROGEN ATMOSPHERES.—Ejight more or less comparable samples, 
20 grams each, of radish root slices of 1 mm. thickness were prepared. Two 
samples were extracted in boiling distilled water and then analyzed immedi- 
ately for their initial nitrogen fractions. The remaining samples were 
washed in running tap-water for a few minutes and then placed in six 
respiration chambers, each containing 200 ml. of sterilized distilled water, 
and were all kept at a constant temperature of 25° C. Carbon-dioxide-free 
air was passed through the water in all the chambers at a steady rate of 2 
liters per chamber per hour. The carbon dioxide given off by two repre- 
sentative samples was collected in two sets of Pettenkofer tubes and was 
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Fie. 4. Respiration rates of radish slices in alternating air and nitrogen atmos- 
pheres. 


determined at 5-hour intervals. After 70 hours, two samples were drained, 
extracted and then analyzed for their nitrogen fractions. At the same time, 
pure nitrogen was passed through the remaining chambers, and the respira- 
tion rate was followed under the new conditions for a period of 25 hours. 
After that two more samples were extracted and analyzed while the last 
couple of samples were allowed to respire in carbon-dioxide-free air again 
for a further period of 25 hours, after which they were analyzed for their 
nitrogen fractions. 

RESPIRATION OF THE SLICES.—The average drift in the respiration rate 
of the radish slices in alternating air and nitrogen atmospheres is illus- 
trated in figure 4. It is clear that the slices first showed the respiration 
rate characteristic of wound-metabolism, which lasted about 45 hours, after 
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which the respiration rate declined to a low steady rate. At the seventieth 
hour, the radish slices were transferred from air to nitrogen, and their 
respiration rate dropped rapidly to another level below that of the air-line 
respiration. This lower carbon-dioxide output was more or less maintained 
during the period of anaerobiosis, and after 25 hours the slices were trans- 
ferred back to air and their respiration rose very sharply above the air-line 
rate. After that the respiration continued at a steady decreasing rate. Other 
similar but prolonged experiments showed that the air-line respiration rate 
was usually reached about 48 hours after transference from nitrogen to air. 
It might be interesting to point out here that when the line of anaerobic 
respiration (fig. 4) was extrapolated back to the point of transference from 
air to nitrogen, the initial anaerobic respiration (INR) could be evaluated, 
and the ratio of INR to the aerobic respiration just before transference could 
thus be obtained. This ratio was found to be 0.62, which clearly indicated 
that some oxidative anabolism occurred during aerobic respiration, but its 
value was much below that obtained by BLAcKMAN for apple fruits (4). 
Similar results were reported by SHoupHury (26) and Stites & Dent (30). 


ANALYsIs OF TISSUES 


The analysis of the sliced samples for their various nitrogen fractions 
are recorded in table III. 


THE BEHAVIOR OF TOTAL SOLUBLE AND PROTEIN NITROGEN 


During the first period of 70 hours, the radish slices showed a decrease 
in their total soluble nitrogen amounting to 38.3 mg. per 100 gm. fresh 


TABLE III 


THE EFFECT OF ALTERNATION OF AIR AND NITROGEN ATMOSPHERES ON THE NITROGEN 
FRACTIONS OF RADISH SLICES, CALCULATED IN MILLIGRAMS 
PER 100 GRAMS FRESH WEIGHT* 
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’ 
3 | 70 hr. in air 17.1 1.7 5.5 . 46.4 70.7 | 78.6 | 149.3 | 30.0 
4 | | 
5 | 70 hr. in air, | 
6 then 25 hr. 
in nitrogen 17.2 | 24 | 3.8 | 50.0 73.4 | 75.9 | 149.3 30.3 
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* The values ineluded in this table are means for duplicate samples. 
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weight of tissues. This decrease could be accounted for partly by some 
inerease in the protein nitrogen and partly by the soluble organic nitrogen 
recovered from the external water media, thus adding further support to 
the results of the previous experiment. 

During the following period of 25 hours, the plant tissues were respiring 
anaerobically, and there was a slight tendency of protein hydrolysis with 
corresponding increase in the soluble nitrogen content. Such protein hydro- 
lysis, however, did not seem to be a direct result of anaerobiosis since it 
continued even when the nitrogen atmosphere was substituted by air in 
the last 25 hours of the experiment. This protein breakdown was most 
probably due to low carbohydrate content of the plant tissues. 


THE BEHAVIOR OF NITRATE NITROGEN 


Similar to the findings of the previous experiment, the greatest change 
in the nitrate nitrogen fraction took place during the early period that fol- 
lowed the slicing of the roots. All the nitrates that disappeared from the 
tissues were not detected in the medium and were presumably synthesized 
into some organic form. During the 25 hours of anaerobiosis, there was 
no apparent change in the nitrate content of the tissue slices. It should 
be reealled that this period was characterized by the lowest respiration rate ; 
and assuming that nitrate reduction involved the utilization of energy of 
respiration, then under anaerobic conditions the respiration must have been 
too low to produce the energy necessary for such nitrate reduction. Alter- 
natively, the absence of oxygen from the atmosphere might have inhibited 
the action of the nitrate-reducing enzyme system [cf. Eckrerson (7, 8) ]. 

Transference of the radish slices from nitrogen back to air for another 
period of 25 hours resulted in a disappearance of 3.5 mg. of nitrate nitrogen 
per 100 gm. fresh weight of tissues. The high respiration obtained on trans- 
ference from nitrogen to air might have afforded enough energy for the 
resumption of nitrate reduction, or alternatively, the reducase enzyme sys- 
tem might have been reactivated by the oxygen of the atmosphere. 


J 


THE BEHAVIOR OF ‘‘ OTHER NITROGEN’ 


During the first period of 70 hours in air, this nitrogen fraction lost 
14.5 mg. per 100 gm. fresh weight of slices which probably together with the 
nitrogen obtained from nitrate reduction, contributed partly to the protein 
synthesis and partly to the nitrogen excreted into the water medium. The 
next period of 25 hours in nitrogen atmosphere resulted in an increase in 
this nitrogen fraction, which accounted for the slight protein hydrolysis 
as well as for the nitrogen lost from the sum of amide and ammonia nitrogen. 

When the slices were transferred from nitrogen back to air, the ‘‘ other 
nitrogen’’ fraction gained partly from the continued protein hydrolysis 
and partly from the nitrate and amide nitrogen fractions. 


Summary 
1. Experiments are reported in which the respiration and the nitrogen 
metabolism of whole and sliced roots of Raphanus sativus Aegyptiacus are 
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studied. The effect of alternating air and nitrogen atmospheres is also 
discussed. 

2. Respiration of mature whole roots proceeds along a steady low level 
for prolonged periods. Slicing of the root results in rapid and irregular 
increase in the respiration rate for about 25 hours, after which the latter 
subsides until it reaches a steady level parallel to that of the intact root but 
slightly higher. 

3. Transference of radish root slices from air to nitrogen results in a 
drop in the respiration to a steady level below that in air. On re-exposing 
the slices to air, their respiration rate increases suddenly to a level higher 
than the air-line rate and then subsides gradually until it reaches the air- 
line rate aftér about 48 hours. The relationship between aerobie and an- 
aerobic respiration rates shows that the oxidative anabolism, which occurs 
during aerobic respiration, is much lower than that reported by BLAcKMAN 
for apple fruits. 

4. Very little change takes place in the various nitrogen fractions in 
whole mature radish roots. The high irregular respiration of the sliced 
roots is always accompanied by protein synthesis at the expense of both 
nitrate and ‘‘other nitrogen’’ fractions. Some soluble organie nitrogen is 
always recovered from the water in which the slices are floated, and its origin 
is discussed. 

5. Under anaerobic conditions, nitrate reduction is inhibited. 
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When corn seedlings absorb large amounts of ammonium nitrogen from 
complete nutrient solutions high in ammonium, soluble nitrogen compounds 
accumulate in the tissues of shoot and root but the true protein remains 
relatively constant (15). Ammonia does not accumulate rapidly in tissues 
of the corn plant until asparagine, glutamine, a-amino nitrogen and peptides 
have reached relatively high values. In order to determine the role of 
these compounds in protein catabolism, the changes in nitrogen composition 
of detached leaves maintained in darkness and in intermittent light and 
darkness were studied and the results are reported here. 

Yarwood (20) has recently reviewed the subject of detached leaf cul- 
ture. Similar studies have been made on leaves of rhubarb (14), barley 
(21), Kikuyu grass (17, 18), and sudan grass (18), and oats (17) cultured 
in continuous darkness, and tobacco (12) and runner bean leaves (2) in 
light and darkness. The results show in general that protein hydrolysis 
begins soon after the leaf is detached and that amino nitrogen, and either or 
both of the amides, glutamine and asparagine, accumulate. Whether this 
loss of protein on detachment of the leaf is due to lack of supply of some 
external factor or hormone or to some internal factor has been the object of 
speculation (1, 16, 13). 

Materials and methods 

Seventy vigorous and not fully mature corn leaves and their attached 
sheaths were selected on July 25 from plants averaging about 3 ft. high in 
a field of open-pollinated yellow dent corn grown in a fertile field on the 
North Station Farm. Leaves were taken from the second and third nodes 
above the soil surface by cutting the sheath just above the node. 

Ten leaves selected at random were dried immediately for a control or 
initial sample; 30 leaves were chosen for a light series and 30 for a dark 
series. The light series was placed in 6 earthenware 2-gallon ecrocks (5 
leaves per crock) with the leaf sheaths inserted through large holes in the 
covers. Each crock contained 4 liters of 0.005 N CaSO, and the leaf sheath 
dipped 3—4 inches into the solution. The light series was kept in a white- 
washed greenhouse with air temperatures varying from 70° to 90° C., and 
subject to the usual diurnal fluctuations of light intensity. The dark series 
was similar in all details except that they were kept in a dark room in a 
temperature range of about 70° to 85° C. 


1 Published with the approval of the Director of the South Dakota Agricultural Ex- 
periment Station as Journal Paper no. 208. 
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At intervals of 3, 6, and 9 days at approximately 3 p.m. ten leaves were 
chosen at random from the dark series and light series, respectively, for 
weights and subsequent determinations. Green weights were taken after 
biotting the excess solution from the sheath, and the leaves dried for 24 
hours in a foreed draft oven at 80° C. Glutamine in plant material is stable 
under these drying conditions (10). Dry weights were obtained and the 
tissue ground in a Wiley mill to pass a 60 mesh screen. All samples were 
stored in bottles until analyses could be made. 

The analytical procedures used were essentially those used previously 
(15) except for the following modifications. Ammonia and glutamine- and 
asparagine-amide nitrogen were determined on extracts made by mixing 
3 gm. dried ground tissue and 60 ee. distilled HO and heating with stirring 
for 10 minutes to 75° C., then chilling in a refrigerator and filtering through 
quantitative paper. Extracts for total soluble and Van Slyke a-amino 
nitrogen were made by extracting 10 gm. dry tissue with 200 ce. dist. H,O, 
heating to 80° C., filtering while hot, and cooling. Three gm. dry trichlor- 
acetic acid was added per 100 cc. extract and filtered to give the extract 
used. Total soluble nitrogen was determined by the iron-reduction method 
of PucHer et al. (8). Residual a-amino nitrogen was obtained by subtract- 
ing the total amide nitrogen from the Van Slyke a-amino nitrogen (15). 
Nitrate nitrogen was determined by extracting 2.5 gm. ground dry tissue 
with 200 ce. hot distilled water in a 250-ce. flask, cooling, clarifying with 
10 ee. saturated neutral lead acetate, and filtering after making to volume. 
To duplicate 100-ce. aliquots of extract and 200 ce. distilled H,O in a Kjeldahl 
flask, 25 ec. of 10% NaOH was added and the volume boiled down to about 
150 ee. to remove ammonia and hydrolyzable amide nitrogen. ‘When cool, 
200 ec. of water and 3 gm. Devarda’s alloy were added, the nitrate nitrogen 
reduced to NH;,-nitrogen and distilled into standard acid.? Total nitrogen 
was obtained by summing the true protein nitrogen and total soluble 
nitrogen. 

Results 

The weights and analytical data are presented in table I. The leaves 
of cultures 4 and 5 at time of harvest were brown and dehydrated along the 
margins and there was a considerable amount of necrotic tissue at the tips 
of the blades. In cultures 6 and 7, which were 3 days older, the necrotic 
areas were more extensive and smal! brown patches of brown tissue occurred 
in the blade. A general yellowing of the leaf tissue did not occur, however, 
in either the dark or light cultures. The pattern of necrosis of leaf tissue 
was quite similar in both the dark and light series and is comparable to the 
injury obtained when ammonium nitrogen was supplied to intact plants 
from relatively concentrated solutions of (NH,).SO, (15), except that 
rolling of the leaf blade did not oceur. 

Necrosis of the leaf tissue may account for the gradual decrease in water 


2 Essentially the method of R. W. Gerpvet as modified by O. E. OLSON. Proce. South 
Dakota Aead. Sei. 20: 95-101. 1940. 
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content of the leaves under both environmental conditions as shown in 
table 1. However, dehydration of non-necrotic areas of the leaf may have 
also been involved. . Water content of the leaves may have reached some 
maximal value between 0 and 3 days that is not shown by the data. Vickery 
et al. (12) found that detached leaves of tobacco imbibed water from water 
and glucose solutions and maintained their higher water content for more 
than 100 hours after detachment. 

Although the cultures were not sterile, only culture 7 showed any evi- 
dence of gross contamination. In this case the lower one-half inch of the 
sheath was slimy from bacterial growth. This portion was removed, dried, 
weighed, and the weight included in the total dry weight. The tissue, how- 
ever, was discarded. 

In the light series, the total sugars and sucrose increased during the 
period of culture while the reducing sugars remained relatively constant. 
Detachment of the leaf from the plant apparently blocks translocation of 
carbohydrate, but does not seriously interfere, if at all, with photosynthesis 
(20). On the other hand, in the dark series, a great loss of both sucrose 
and reducing sugars occurred. These two series of detached leaves, then 
represent two distinct levels of carbohydrate supply in comparison to which 
nitrogen metabolism may be studied. 

Due to probable variations in the original weights of the leaves of each 
culture, the dry weights at harvest (table I) are not reliable indices of 
changes in weight during the experiment but an increase in weight of the 
light series due to photosynthesis and a decrease in weight of the dark series 
due to respiration is quite probable. This inadequacy of the data renders 
calculations of totals for each constituent of the leaf unreliable. 

Nitrogen changes can be evaluated in percentage of total nitrogen, how- 
ever, if losses of nitrogen did not occur. Losses of gaseous ammonia were 
not detected as Yemm (21) found with detached barley leaves cultured in 
the dark. At the end of the experiment, all of the solutions for the light 
series were composited, filtered, and aliquots taken for analyses. The solu- 
tions contained a total of 50 mg. total nitrogen of which 92% was NH;. 
nitrogen. Composited solutions from the dark series contained a total of 
17 mg. nitrogen, but ammonia-nitrogen was not present. No nitrates or 
nitrites were detected in the residual cultures of either series. The maxi- 
mum loss of 50 mg. nitrogen for 30 leaves in the light series is equivalent 
to an average loss of 16.7 mg. nitrogen per 10 leaves. Since the initial 
leaves contained a total of 890 mg. total nitrogen the loss to the culture 
amounted to 1.9% of the total nitrogen. This loss is negligible in relation 
to the total nitrogen and permits comparison of the nitrogen constituents 
of the different cultures in per cent of total nitrogen per kilogram (dry 
weight basis), since all values for each culture are subject to the same in- 
erease or decrease in the dry weight. There is an increasing amount of 
evidence that loss of nitrogen in unknown gaseous form may oceur (13), 
but it is relatively quite small in relation to the total nitrogen. VICKERY 
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et al. (12, 14) found that the total nitrogen of detached rhubarb and tobacco 
leaves did not change within the limits of accuracy of their analytical 
methods. 

Figure 1 shows the changes in nitrogen constituents in per cent of total 
nitrogen per kilogram dry weight for each culture in the light and dark 
series, respectively. The distance between two lines represents the per- 
centage for that constitutent of the total nitrogen. In both series hydrolysis 
of protein nitrogen occurred at a rapid rate and tended to decrease with 
time so that at the end of 9 days the protein level was little more than half 
of the initial value. The greater hydrolysis in the dark than in light was 
consistent and may have been significant, but the oustanding conclusion is 
that light and a high carbohydrate level resulting from photosynthesis and 
interrupted translocation exerted no sparing action on the leaf protein.’ 
Vickery et al. (12) obtained similar results with tobacco leaves. 
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Fie. 1. Nitrogen distribution in detached corn leaves cultured for the period indi- 
eated in ordinary daylight and in complete darkness. 


Soluble organic nitrogen compounds and ammonia accumulated in the 
leaf tissues of both series at the expense of the hydrolyzed protein, but some 
may have come in the light series from the reduction of nitrate and the sub- 
sequent combination of the reduction products with keto acids, ete. Amino 
nitrogen, asparagine, glutamine, and ammonium, in decreasing order of 
magnitudes, were the forms of nitrogen produced in the dark series. In 
the light series, undetermined soluble nitrogen accumulated in the early 
stages of protein hydrolysis, but the other constituents retained their same 
relative order, as in the dark series. Undetermined soluble nitrogen as here 
used consists of much peptide nitrogen (15). The relative rank of impor- 
tance of these compounds or groups of compounds in protein catabolism of 
the leaf in light is quite comparable to their relative importance in metabo- 
lizing ammonia absorbed from the substrate by intact plants (15). 
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In the light series the accumulation of ammonia in the leaf tissues was 
less than in the dark series. If it is assumed, however, that the ammonia 
found in the residual cultures of the light series came from the tissues then 
ealeulations show that the amount of ammonium produced is not greatly 
different. In these experiments, like those previously reported on intact 
plants, there is no conclusive proof that accumulation of ammonia is re- 
sponsible for the tissue injury noted since its accumulation is always asso- 
ciated with other profound metabolic changes. 

Reduction of nitrates in the leaves of the light series may have oceurred 
as indicated in figure 1. The original leaves were extremely high in nitrates, 
but this is not unusual for corn growing on soils in this section. The nitrates 
are not uniformly distributed in the leaf, but are higher in the sheath and the 
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Fig, 2 (left). Asparagine accumulates rapidly in detached corn leaves cultured in 
either darkness or light. 

Fig. 3 (right). Amino nitrogen, in addition to that associated with the amides, 
accumulates in detached corn leaves and at a rate twice that of asparagine nitrogen. 


midrib than in the lamina. At the time of cutting, the leaf blade had a 
higher total nitrogen content, than the sheath tissue, about twice the a-amino 
and basic nitrogen content, approximately the same amounts of ammonia, 
glutamine, and asparagine and about one-half as much water-soluble nitrogen. 
In the dark series the nitrate content is somewhat erratic and in the interval 
3 to 6 days the data indicate that nitrate actually accumulated. Whether 
this is significant cannot be determined from the data, but nitrate production 
has been noted in detached leaves cultured in the dark (5, 12). 

Asparagine nitrogen and residual a-amino nitrogen in per cent of total 
nitrogen are plotted respectively in figures 2 and 3. Different units for the 
percentage scale are chosen in the graphs to show the similarity of the 
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Fie. 4. Residual qg-amino nitrogen accumulates at twice the rate of asparagine 
nitrogen in detached corn leaves regardless of the conditions of illumination. 


asparagine and a-amino nitrogen curves in both the light series and in the 
dark series. This apparent equilibrium of asparagine and a-amino nitrogen, 
with the a-amino nitrogen twice that of the asparagine nitrogen, is more 
strikingly shown in figure 4 where asparagine nitrogen is plotted against 
residual a-amino nitrogen for both the dark and light series. 

Figures 2 and 3 show that more asparagine and a-amino nitrogen were 
produced during the first 6 days of culture in darkness than in light and 
this may be related to the somewhat greater protein hydrolysis during this 
period in darkness than in light and to the fact that protein hydrolysis was 
more complete in darkness, peptides not accumulating as they did tempo- 
rarily in the light series. At the end of 9 days, however, asparagine and 
a-amino nitrogen contents were greater in the light series than in the dark. 
This larger production of these constituents in the interval 6 to 9 days in the 
light series, as contrasted with the dark series, coincided with a significant 


decrease in the undetermined soluble or peptide nitrogen of the leaves of the 
light series. 
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Fig. 5. Glutamine synthesis is favored by darkness in the later 


stages of culture 
of detached leaves. 
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Accumulation of glutamine is quite unlike that of asparagine and a-amino 
nitrogen as shown by figure 5 in comparison with figures 2 and 3. Glutamine 
production is much greater in the dark than in the light except in the first 
3 days of culture. In the light asparagine and glutamine nitrogen increased 
10.3% and 2.7% of the total nitrogen, respectively, in 9 days, whereas in the 
dark the gains were 8.0% and 7.0%, respectively. 

In figure 6 glutamine nitrogen is plotted against residual a-amino nitro- 
gen for both the dark and light series. Whereas a simple equilibrium exists 
between asparagine and residual a-amino nitrogen regardless of the light 
conditions and sugar content as shown in figure 4, the experimental condi- 
tions profoundly modify the glutamine a-amino nitrogen relationship. In 
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Fic. 6. Glutamine synthesis, unlike asparagine, is not related to residual amino 
nitrogen accumulation. Compare figure 4. 


the light glutamine is unable to keep abreast of a-amino nitrogen accumula- 
tion, but in the dark from 6 to 9 days glutamine is preferentially formed. 


Discussion 


Three significant points are brought out by the data presented that are 
of fundamental importance to the physiologist and the biochemist in the 
study of plant metabolism. 

The first is the similarity of the catabolic processes in the leaf following 
its detachment whether it is kept in light or darkness. In spite of an in- 
creasing carbohydrate supply in the illuminated leaf, the rate of protein 
hydrolysis and the accumulation of soluble nitrogen compounds, amino acids, 
and amides is quite similar to that of the starving leaf. Although detached 
leaves of some plants can form protein (7, 16), Vickery et al. (12) found 
that tobacco leaves cultured in water, glucose and ammonium solutions lost 
protein at similar rates in continuous darkness or in continuous light. CHIB- 
NALL (2) obtained similar results with cultures of runner bean leaves in 


| 
. 
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strongly diffused daylight and in darkness. He (1) later postulated hor- 
monie control by the roots of the protein level of the leaf, but reserved judg- 
ment until after further experimentation. Woop (16) has recently dis- 
eussed hormonie control and Vickery et al. (13) have recently summarized 
the problem as follows : ‘‘Thus detached leaf culture experiments furnish a 
picture of the disintegration of the chemical systems of the cell when the 
controls upon these delicately adjusted relationships are removed. The in- 
ference is unavoidable that these controls play their roles effectively only 
when the organism is intact; accordingly, certain factors in the controlling 
mechanisms must have their origins in other tissues than the leaves.’’ 

Perriz (6) regarded the protein level as being maintained at a super- 
optimum concentration by oxidative metabolism with ample carbohydrate, 
oxygen supply and assimilable nitrogen being essential for the continuous 
supply of energy. If this picture is correct it is apparent with detached 
corn leaves that detachment has interrupted the supply of some essential 
component. To say that it is hormonic is only a convenience. 

. Studies with heavy nitrogen (4, 11) have shown that the protein of the 
leaf is constantly undergoing hydrolysis and resynthesis. Woop et al. (18) 
have shown that some amino acids are preferentially oxidized in leaves. 
Sueh preferential oxidation of amino acids in the protein cycle might lead to 
a deficiency of an amino acid if it is synthesized only in the roots and trans- 
located to the leaves. The importance of the roots of corn in the synthesis 
of asparagine, glutamine and a-amino acids has been shown by the writers 
(15). Further work with detached leaves cultured in dilute solutions of 
single amino acids, vitamins, hormones, purines, pyrimidines, and extracts 
of roots is needed. 

The second point is the equilibrium existing between asparagine and 
residual a-amino nitrogen over a wide range of concentrations and indepen- 
dent of the conditions of hydrolysis as shown in figure 4. Such an equiva- 
lence either in detached leaves or with intact plants has not been reported. 
A change of 2% in residual amino nitrogen is equivalent to a change of 1% 
in asparagine nitrogen. 

CHIBNALL and Nouan (3) have reported that leaf cytoplasmic protein 
contains 7.44% amide nitrogen. Using this figure, the amount of amide 
nitrogen expected from the hydrolysis of protein corrected for changes in 
undetermined soluble nitrogen can be caleulated and are shown in table II. 
This assumes that the undetermined soluble nitrogen is largely peptide (15) 
and of the same amino-acid composition as the hydrolyzed protein. The 
equation used is: expected A-amide = 0.0744 (loss of protein + loss undeter- 
mined soluble nitrogen). Table II also shows the actual changes in amide 
nitrogen for various periods. Only about one-third of the amide nitrogen 


- Synthesized can come from the protein hydrolyzed; the remainder is 


synthesized in secondary reactions. Other investigations (12, 14, 21) 
have shown with detached leaves that a large portion of the amides are of 
secondary origin. 














474 PLANT PHYSIOLOGY 


If the amides were of primary origin then a constant ratio of asparagine 
to residual a-amino nitrogen might be expected. However, since a large 
part of the asparagine is the product of oxidations of amino acids to produce 
ammonium, and the combination of this ammonia with aspartic acid, pro- 
duced possibly in part by transaminations (9), the equivalence of amino 
nitrogen and asparagine cannot be explained with the data now available. 
This is more significant in view of the fact that probably not all of the amino 
acids represented in the determined complex enter into the equilibrium. 
Some are more easily oxidized than others (18), and some do not enter into 
transamination reactions (9). 

The third point is the effect of darkness on the accumulation of gluta- 
mine. In the light cultures the rate of accumulation of glutamine decreased 
with time and did not keep pace with the accumulation of residual amino 
acids. In darkness, however, glutamine synthesis was very rapid in the 3-6 


TABLE II 


CALCULATED INCREASE IN AMIDE NITROGEN EXPECTED FROM PROTEIN AND PEPTIDES 
HYDROLYZED, THE INCREASE IN AMIDE OBTAINED, AND THEIR RATIO 


AMIDE NITROGEN 
PERIOD 
CALCULATED OBTAINED OBTAINED/ EXPECTED 
- t _ - 
Light % of total N % of total N 
0-3 days hesinsipastans 0.72 2.28 3.2 
0-6 days 1.33 3.94 2.96 
0-9 days 2.01 6.48 : 3.22 
Dark | 
3 doe... 1.27 3.45 2.72 
0-6 days 2.11 6.79 3.22 
0-9 days 3.22 7.48 2.32 
| 








day period and at the end of 9 days they contained more than twice as much 
glutamine as the leaves in the light. Figure 6 shows no relationship between 
glutamine and residual amino nitrogen. Apparently metabolism condi- 
tioned by the presence or absence of light is of primary importance in the 
secondary synthesis of glutamine. 

Vickery et al. (12) found that light was essential to ghutamine synthesis 
in cultured tobacco leaves, almost none being formed in leaves in the dark. 
Although these results with corn are contradictory to those with tobacco, 
they are not as clear cut because there was appreciable glutamine synthesis 
under both conditions. 

Adequate explanation of the results obtained here cannot be given until 
more is known of the intermediates, precursors, and enzyme systems involved 
in bringing about the observed changes in composition. 


Summary 
1. Leaves with attached sheaths of field-grown dent corn were cultured 
in continuous darkness and in a greenhouse for periods up to 9 days, with 
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the sheaths dipping into dilute CaSO, solution. At 3-day intervals ten 
leaves from each series were removed, weighed, dried, reweighed and ground 
for determinations of sugars and various nitrogen fractions. 

2. Reducing sugars and sucrose were rapidly depleted in the dark, but 
sucrose increased in the light series while reducing sugars were relatively 
constant. 

3. In percentage of the total nitrogen, protein was hydrolyzed at com- 
parable rates in both series. Residual a-amino acids, asparagine, glutamine 
and ammonia, in decreasing order of magnitude, accumulated in the leaves. 
In the early stages of protein hydrolysis in the light, undetermined soluble 
nitrogen, mostly peptides, accumulated, but was subsequently hydrolyzed. 

4. Nitrates were reduced in the light series, but in the dark the results 
were erratic suggesting that nitrate formation might have been involved. 

5. A linear relation between residual a-amino nitrogen and asparagine 
nitrogen in the leaves in both series was obtained in the ratio 2:1. 

6. Glutamine synthesis in the dark was much greater than in the light, 
and was not related to the amino acid level. 

7. The similarity of the metabolic processes in light and dark is discussed 
in connection with the role of external factors in protein regulation in the 


leaf. 
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A fundamental problem in experimental work with living tissues is the 
selection of samples in such a way that differences in composition which 
result from the treatment to which the material is exposed shall represent 
the effects of the treatment alone. There should be no opportunity for 
other processes to intervene and obscure the results. Complete isolation of 
the system under study can be effected, in the case of leaf tissue, only by 
excision from the plant. This has the disadvantage that the leaves are then 
merely ‘‘surviving organs’’ and soon begin to undergo changes that are ulti- 
mately lethal. Nevertheless, for a reasonable length of time, such leaves 
ean be assumed to behave in a manner that reflects the normal course of 
metabolic events. 

The technique of excised leaf culture as applied in this laboratory (4, 5) 
consists in the selection at random of a group of approximately equal samples 
from a quantity of leaves picked from the plants at the same time, and there- 
fore, presumably, in the same biological and chemical condition. One or 
more samples are at once prepared for analysis, in order to provide a point 
of departure for the series, and the others are subjected to treatment. 
Samples are subsequently withdrawn from time to time for analysis, the 
data obtained being computed in terms of equal quantities of fresh tissue 
as weighed at the start of the experiment. Biological variation is mini- 
mized by the use of moderately large numbers of leaves per sample. Al- 
though the results are expressed in concentration units, they refer to origi- 
nally equal and similar lots of tissue. Accordingly, the differences from 
sample to sample furnish, within the limitations of biological and statistical 
variation, a measure of the actual magnitudes of the changes that have oc- 
curred. Errors arising from translocation are eliminated and, presumably, 
the only phenomena that affect the data are those associated with photo- 
synthesis, respiration, absorption of culture solution, transpiration, and 
chemical transformations occurring within the cells. 

The diurnal variation of acidity characteristic of crassulacean plants is 
a phenomenon admirably suited for study by this general method. The 
entire cycle of changes is normally completed within 24 hours, a period 
sufficiently short to justify the assumption that irreversible catabolic changes 
which may be initiated are of minor significance in comparison with the 
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relatively much larger chemical changes associated with the normal metabo- 
lism of organic acids and carbohydrates. Accordingly, in the present paper, 
three experiments are described in which excised leaves of Bryophyllum 
calycinum were subjected to culture in water. In the first, leaves collected 
in the afternoon, at the time of low acidity, were cultured for 24 hours in 
the greenhouse exposed to the normal variation in illumination; in the 
second, similar leaves were cultured in complete darkness for 2 days and, 
in the third, leaves collected in the early morning, at the time of high acidity, 
were cultured in complete darkness also for 2 days. 


Methods 
PREPARATION OF SAMPLES 


On Mareh 12, 1940, 9 Bryophyllum plants from the lot described in a 
previous paper (3) were selected, and the compound leaves, beginning at 
the second from the top, were removed from 5 of them at 4 P.m. The indi- 
vidual leaflets were cut from the petioles and rapidly sorted into a number 
of piles according to size. The samples for the experiment were then chosen 
so that the same number of leaflets from each pile was included in each, 
there being three samples of 33 leaflets taken for one experiment and four 
samples of 34 leaflets for the second. One sample from each group was 
immediately placed in the drying oven at 80° C. 

The samples to be subjected to culture were arranged in long V-shaped 
troughs with the bases of the leaflets immersed in water, the blades being 
supported without overlap by the walls of the troughs. The troughs con- 
taining the 33-leaflet samples were placed in the greenhouse, the others in 
a completely dark room. All samples were in position within half an hour. 
The temperature of the greenhouse ranged from 20 to 27° C. during the 
24-hour period of the experiment, that of the dark room from 21 to 23°. 

The following morning at 7, shortly after sunrise, the other 4 plants were 
treated in the same way, four 39-leaflet samples being taken of which three 
were set up in the dark room by 7: 15, the fourth being at once dried. The 
experiment carried out in the greenhouse was continued for 24 hours; the 
two experiments in darkness were extended for a second day in order to 
obtain information on the initiation of catabolic changes. 

The process of selection of samples provided for randomization within 
each sample with respect to the plant of origin. The plants chosen for the 
afternoon samples corresponded in size with the larger plants described in 
a previous paper (3), those chosen for the morning samples corresponded 
to the smaller plants. Fundamental data on all of the samples are shown 
in table I. Analytical results obtained as percentages of the crude dry 
weight were calculated, with the use of factors derived from these figures, 
so as to give the quantity of the component that would have been obtained 
if each sample of fresh leaf had weighed exactly 1000 grams at the start. 

The limits within which the samples duplicated each other with respect 
to composition may best be illustrated by the data for total nitrogen and ash. 
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Regardless of metabolic transformations within the cells during the period 
of eulture, there should be no significant loss of nitrogen nor of inorganic 
components from the samples and no gain from the water used as culture 
medium. The mean value for the total nitrogen of the 11 samples was 


1.747 + 0.072 gms. per kilo of original fresh weight. 


tion is + 4.1% of the mean. 


gm. per kilo, the deviation being + 2.3% of the mean. 


The standard devia- 


The mean value for the ash was 8.94 + 0.020 


Accordingly, it may 


be assumed that differences substantially greater than + 4% observed for 
other components represent significant alterations in composition as a result 


of the treatment. 


SUBJECTED TO CULTURE 
NATED ARE GRAMS. 


TABLE I 


FUNDAMENTAL DATA ON SAMPLES OF EXCISED Bryophyllum calycinum LEAFLETS 
FIGURES NOT OTHERWISE DESIG- 


IN WATER. 
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amie ; toa | CRUDE FRESH 
TIME OF | ELAPSED Nv ages i * ecusmes Bd ye | DRY WEIGHT 
SAMPLING TIME : anaghs WEIGHT | PER KILO: 
LE nee TS | START END WEIGHT i PER KILO END 
hrs. per! gm. ‘gm as gm. gm. gm. 
' Aja ATE DARKNESS AND LIGHT 
4 PM. 0 33 | 193.1 18.2 es Sere 
6 A.M. 14.0 332 | Ss «182.5 185.6 19.0 104.1 1017 
4 P.M. 24.0 33 180.0 177.5 18.9 105.0 986 
DARKNESS: STARTING IN AFTERNOON 
4:30 PM, a. a 231.3 |  gs..| eee i 
6: 30 A.M. 14.0 | 34 217.6 219.9 21.2 97.4 1010 
4: 30 P.M. 24.0 34 219.8 221.9 21.2 96.45 | 1010 
4 P.M. 47.5 34 202.3 | 201.5 18.7 92.43 996 
DARKNESS: STARTING AT DAYBREAK 
7 zm 0 | 39 | 2494 | 1 23.7 estat 
4:15 p.m. 9.25 390 | «62485 «| «32583 23.1 94.86 1036 
8 A.M. 25.0 39 3=6| «6250.5 | 2573 21.7 86.64 | 1027 
8 AM. | 49.0 39 =| «6251.1 | 247.0 21.5 85.61 | 983.5 
Results 


CULTURE IN ALTERNATE DARKNESS AND LIGHT 


That diurnal variation in acidity occurs in detached leaves of Bryophyl- 
lum subjected to culture in water is evident from the curve for pH in figure 
1. During the night, the pH dropped by 1.3 units, owing to synthesis of 
acids, and rose again during the day to a value even higher than that ob- 


served initially. 


The change was about twice as great 


(in pH units) as that 


observed in the leaves of intact plants described in a previous paper (8). 
These observations alone are sufficient to justify the fundamental assump- 
tion on which the present experiments are based, namely, that excision of 
the leaves does not seriously interfere with the normal metabolic functions 
for at least 24 hours. 
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Notwithstanding the large change in total acid reflected in this change 
in pH, the alkalinity of the ash (fig. 1) remained constant. The mean value 
for the alkalinity of the ash of the entire set of 11 samples was 195.1 + 5.8 
milliequivalents per kilo, the deviation being + 3% of the mean. This is 
the same order of magnitude as the deviation in the nitrogen and ash content 
and is clearly a measure of the reproducibility of the samples rather than 
of any effect of treatment. The alkalinity of the ash is a determination of 
the difference between the number of equivalents of inorganic acidic and of 
inorganic basic components present after ignition of the tissue; inasmuch 
as no opportunity was afforded for translocation of inorganie acid or base 
into or out of the leaves, there was no way in which this difference could be 
altered by the treatment to which the leaves were subjected. 

Organie solids apparently increased during the period of darkness and 
remained essentially constant during the day (fig. 1). However, the ana- 
lytical determination of organic solids is especially difficult and subject to 
error and it is by no means certain, in view of the small number of samples, 
that the apparent increase, although it amounted to about 10%, was real. 
The similar samples cultured in the dark room (fig. 5) showed no compar- 
able effect. The ash (fig. 1) and the total nitrogen (fig. 2), as has already 
been pointed out, showed no significant change in the course of the experi- 
ment. 

The data presented so far are thus in agreement with the view that the 
three samples used for this experiment were initially sufficiently alike in 
composition to warrant the conclusion that changes in excess of 10% with 
respect to any analytical component represent alterations in composition as 
a result of the treatment to which they were exposed. The change in pro- 
tein nitrogen (fig. 2) furnishes an illustration of this; during the night, the 
protein nitrogen increased from 0.61 to 1.06 gm. per kilo and then diminished 
during the day to 0.65 gm. The change was similar both in magnitude and 
in its relationship to light to that observed in leaves of intact plants sub- 
jected to analogous treatment (3). Furthermore, as in the previous ex- 
periment, there were changes in soluble organic nitrogen symmetrical with 
those of protein nitrogen, the one increasing when the other diminished and 
vice versa. 

That the change in organic soluble nitrogen should be roughly equal and 
opposite to the change in protein nitrogen is to be expected. The quantity 
denoted protein nitrogen represents the nitrogen of the dried leaf tissue 
that remains insoluble after a sample is exhaustively extracted with hot 70% 
aleohol, a procedure designed to remove chlorophyll and other pigments 
together with the soluble carbohydrates and simpler nitrogenous components, 
and subsequently further extracted with boiling water to remove a small 
additional quantity of water-soluble nitrogenous material. It is assumed 
that nitrogen that remains insoluble under these conditions belongs exclu- 
sively to denatured protein. Wide application of the method has hitherto 
revealed no case that throws doubt on this conclusion. The soluble organic 
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Figs. 1 to 4. Composition of excised leaflets of Bryophyllum calycinum cultured in 
water for 24 hours in alternate darkness and light. 
kilo of fresh weight. 
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nitrogen is obtained by subtracting the protein nitrogen from the total nitro- 
gen and correcting the difference for nitrate and for the trace of free am- 
monia nitrogen present. If these are constant, as was very nearly the case 
in the present samples, the curve for soluble nitrogen must be nearly sym- 
metrical with that for protein nitrogen. 

Determinations were also made of the quantity of nitrogen that remained 
insoluble when samples of the dry tissue were extracted with hot water. 
With leaf tissues such as tobacco, results so obtained are practically the same 
as those after extraction successively with hot aleohol and hot water. With 
Bryophyllum leaves, the quantity of water-soluble nitrogen (fig. 2) is much 
smaller than that of soluble organic nitrogen as usually determined, and the 
difference between the two curves (fig. 2) furnishes a measure of the addi- 
tional nitrogen extracted by hot aleohol. Correspondingly, the quantity of 
water-insoluble nitrogen (fig. 2) is much greater than the protein nitrogen. 
Neither curve shows any clear effect of the treatment to which the leaves 
were subjected. Bryophyllum leaves obviously contain nitrogenous sub- 
stances that possess solubility relationships quite unlike those of the proteins 
of such more thoroughly studied leaves as tobacco, and the interpretation 
of the present data is correspondingly uncertain. If the method usually 
employed in this laboratory for the determination of protein nitrogen is in 
fact applicable to Bryophyllum, the data imply that a substantial part of 
the protein present in the early morning is converted, under the influence 
of light, into products that are soluble in hot aleohol. During the night, 
these products are reconverted into material, presumably protein, that has 
the same solubility as before. That the alteration in solubility is not merely 
an effect of the changed pH of the leaves was established by suitable separate 
experiments. 

The question of the nature of the products that are soluble in hot alcohol 
remains for more detailed study. That they are not normal products of 
proteolytic action such as amino acids or simple peptides is evident from 
the curve for amino nitrogen (fig. 2) for, at the time the protein nitrogen 
was increasing by substantially 0.4 gm., the amino nitrogen decreased by 
less than 0.1 gm.; correspondingly, while the protein nitrogen was dimin- 
ishing by 0.35 gm. the amino nitrogen also diminished by 0.17 gm. instead 
of increasing. The failure of these analytical quantities to correspond with 
each other either in magnitude or in the anticipated direction of change is 
evidence that the diurnal alteration in the apparent solubility of the protein 
is something other than protein digestion such as is observed in tobacco 


leaves cultured under similar conditions. 

Diurnal variation of the total organic acids is shown in figure 3. During 
the night, the acids increased from 16.9 to 26.7 gm. per kilo, an increase of 
58% of the evening value; during the following day, they decreased to 18.1 
em. As has already been shown by the curve for pH, the normal diurnal 
process of organic acid metabolism characteristic of this species was in no 
detectable way interfered with by excision of the leaves. Corresponding in 
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point of time with the change in the acids, there was an even more extensive 
change, although in the opposite sense, in the quantity of starch. Starch 
decreased during the night from 22.6 to 9.2 gm. per kilo (caleulated as glu- 
cose) and inereased during the day to 28.5 gm. Nevertheless, the soluble 
carbohydrates scarcely changed significantly; there was at most a slight 
inerease during the day. 

The chemical possibilities presented by these changes in composition are 
far too complex for detailed interpretation, and all that can be attempted 
is to point out certain inferences that may justifiably be drawn. The quan- 
tities of starch and organic acids involved are such that a roughly quantita- 
tive relationship of the nature of an equilibrium between starch and acid 
might be assumed to exist, that is to say, a reaction analogous to that offered 
as a speculation by BENNET-CLARK (1) to account for the chief chemical: 
reactions of crassuiacean metabolism. During the night, 13.4 gm. of starch 
disappeared while 9.8 gm. of organic acids were formed. There was no 
change in the soluble carbohydrates so that the net change represents a loss 
of 3.6 gm. of organic substance. No such loss appears on the curve for 
organic solids; rather, there was an apparent increase of about 9 gm. which, 
from other considerations, it seems more conservative at present to interpret 
as being possibly due to biological variation between samples. Thus the 
evidence, as far as it goes, suggests that the respective alterations in the 
quantities of acids and of starch were the result of intracellular chemical 
reactions and it is quite possible that the acids arose in the course of a series 
of oxidation reactions which consumed starch. 

During the day, however, 19.3 gm. of starch appeared and 8.6 gm. of 
acids disappeared. The net increase in organic solids from these two reac- 
tions is about 12 gm. since there was also an increase of about 1 gm. of 
soluble carbohydrate. However, no increase of this magnitude is shown by 
the curve for the organic solids (fig. 1) ; these in fact remained constant and 
it seems reasonable to assume that, if about 12 gm. of starch were newly 
formed by photosynthesis from carbon dioxide acquired from the air, there 
would have been a clearly evident rise of the curve in figure 1. Thus the 
formation of starch in light must, in this case, have also been largely the 
result of intracellular reactions and the quantity is considerably greater 
than could possibly have arisen from the organic acids even on the most 
favorable assumptions as to the efficiency of the reversal of the equilibrium 
which may have operated during the night. 

By far the greater part of the change in total organic acids arose from 
the change in malic acid (fig. 4). This substance increased from 3.3 to 13.0 
gm. per kilo, or by a factor of 4 during the night and decreased to less than 
the original value during the day. Citric acid underwent a parallel series 
of changes increasing from 1.3 to 3.1 gm. per kilo during the night and 
falling again during the day to 1.2 gm. _Isocitric acid, however, behaved 
quite differently ; it decreased from 12.1 to 10.4 gm. per kilo during the night 
and increased to 14.8 gm. during the day. These changes are in the opposite 
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sense to.those of the malic and citric acids and they are proportionally much 
smaller ones; isocitric acid does not respond to illumination as extensively 
as the other two acids. The small quantity of oxalic acid present showed 
no significant change as a result of the treatment of the samples. 


CULTURE IN COMPLETE DARKNESS 


The data for the experiments carried out for 2 days in complete dark- 
ness are plotted in separate figures placed side by side for more convenient 
comparison of the effects upon leaves picked in the one case in the afternoon 
at the time of low acidity and, in the other, in the morning at the time of 
high acidity, these leaves, of course, having been in darkness during the 
night. 
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Fias. 5, 6. Composition of excised leaflets of Bryophyllum calycinum cultured in 
water for 2 days in complete darkness. Data are expressed in grams per kilo of fresh 
weight. Figure 5 refers to leaves started in the afternoon at a time of low acidity; 
figure 6 to leaves started in the morning at a time of high acidity. 


The pH of the samples placed on experiment in the afternoon was high 
(fig. 5) and dropped for the first few hours in the same way as it did in the 
first experiment. It then began slowly to rise and had increased by 0.4 
units at the end of 2 days. The pH of the samples started in the morning 
was low (fig. 6) and there was a slow and steady rise over the 2-day period 
that totaled about 0.6 units. The early parts of these curves reflect meta- 
bolic changes that were probably not greatly different from those that occur 
in normal leaves ; the events that took plaee during the second day, however, 
doubtless reflect the behavior of cells placed under gradually mounting 
metabolie stress. One of the first demonstrable effects of this stress is clearly 
a diminution in the acidity of the leaves. 
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The eurves for alkalinity of ash, organic solids, and ash (figs. 5 and 6) 
and for total nitrogen (figs. 7 and 8) show, as did the similar data for the 
first experiment, no significant effect of the treatment of the samples. It is 
quite likely that the small drop in organic solids at the end of these two 
experiments represents a loss of organic material from respiration but the 
samples were too few in number and the experiment was not sufficiently 
prolonged to make this certain. Analogous experiments with tobacco leaves 
(4) and rhubarb leaves (5), however, have shown that such a result is to 
be anticipated. 

The behavior of protein nitrogen in the two experiments was entirely 
different (figs. 7 and 8); in the samples started in the afternoon at a low 
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Figs. 7, 8. Composition of excised leaflets of Bryophyllum calycinum cultured in 
water for 2 days in complete darkness. Data are expressed in grams per kilo of fresh 
weight. Figure 7 refers to leaves started in the afternoon at a time of low acidity; 
figure 8 to leaves started in the morning at a time of high acidity. 


level, protein at first increased. After passing through a flat maximum, 
the quantity of protein nitrogen then decreased during the second day of 
the experiment. However, neither change was as striking as those encoun- 
tered in the first experiment (fig. 2); the increase was about 13% of the 
afternoon value and was thus probably significant, the decrease was 25% 
of the maximum value and of the validity of this there can be little doubt. 
The samples started in the morning at a high level of protein decreased 
only slightly in protein content during the first 9 hours but had dropped by 
39% at the end of 24 hours. There was no significant change during the 
second day. The effect of culture in darkness on the protein of Bryophyl- 
lum leaves is thus dependent upon the level of the protein present in the 
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leaves at the beginning of the experiment. If the culture is started at a 
low level at the end of the day, there appears to be a small increase, but if 
it is started in the morning at a high level, there is little if any significant 
change for about 9 hours; then, however, a change analogous to that ob- 
served in light supervenes and there is a marked fall. Interpretation of 
these changes must await more detailed analytical studies; for the present, 
all that can be stated is that the fall in protein is not accompanied by a 
marked rise in amino nitrogen (fig. 8) as would be expected if the reaction 
were one of protein hydrolysis. Rather, it would appear to be one of change 
in solubility of a substantial part of the protein such as might be supposed 
to result from some form of disaggregation into units that are not rendered 
insoluble by hot alcohol. 

The failure of the curves for soluble nitrogen to follow courses exactly 
symmetrical with those for the protein arises in part from the minor irregu- 
larities in the curves for total nitrogen. The changes that occurred in the 
early phases of the culture started in the afternoon were small and were 
about at the limit of certain detection by the analytical techniques. 

The leaves placed on experiment in the afternoon at low acidity promptly 
increased in total organic acids (fig. 9) just as in the first experiment. The 
acids remained at a high concentration for the whole of the first day but 
then rapidly diminished to a level lower than that at the start. Comparison 
of the curve with that for pH (fig. 5) shows that the drop in total acids was 
not accompanied by a correspondingly large increase in the pH and it is 
evident that pH by itself is an unreliable index of the magnitude of such 
changes. On the other hand, the leaves started in the morning at high 
acidity (fig. 10) did not maintain the level of organic acids then present ; 
a continuous loss occurred although this did not become immediately evident 
on the eurve for pH (fig. 6). 

The behavior of the starch was surprising; in the leaves started in the 
afternoon (fig. 9), starch decreased during the period that the acids were 
increasing, remained constant while the acids were maintained at a high level 
but then increased during the period that the acids were falling in concen- 
tration. This represents synthesis of starch in leaves in total darkness, an 
unusual observation at best, and one that might well be attributed to error 
had it not been confirmed by an even more striking synthesis of starch in 
the leaves started in the morning (fig. 10). In these, starch increased from 
6.2 to 12.6 gm. over the entire 2-day period at a rate which followed a smooth 
curve essentially symmetrical with that for the total acids. 

It will be useful to consider the relative quantities of starch and organic 
acids involved in these changes. Figure 9 shows that, during the first 14 
hours in culture in darkness, 13.4 gm. of starch disappeared while 8.9 gm. 
of organie acids were formed. The change in soluble carbohydrate was 
insignificant being only 0.5 gm.; thus it is possible that the organic acids 
that were formed arose from oxidation reactions in which starch was con- 
sumed. There was a net decrease of 4.5 em. of organie material, too little 
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to be revealed with certainty on the curve for organic solids (fig. 5) in any 
case even if these were the only chemical reactions that occurred. Actually, 
the organic solids in the 14-hour sample were slightly greater than those in 
the initial sample although the difference was well within the limits of 
uncertainty in the determination. 

During the second day of the culture period, organic acids diminished 
by 11.7 gm. and starch increased by 4.3 gm. Compared with the experi- 
ment carried out in daylight, this is a small increase in starch. It was in- 
ferred from the data from the experiment in daylight that the organic acids 
could have contributed at most only a part of the material from which the 
starch was synthesized during illumination even on the assumption of com- 
plete reversibility of the reactions whereby the acids may have been pro- 
duced in darkness. In the present case, however, judging from the quanti- 
ties alone, there is a possibility that all of the starch formed in darkness 
could have arisen from such a reversal. However, this is not proof that 
such reactions occurred; all that has been established is that a significant 
quantity of starch was formed in darkness during a period when a  Sub- 
stantially larger quantity of organic acids disappeared. 

In the experiment in which the leaves were high in organic acids at the 
start (i.e., leaves which had remained attached to the plants during the 
night and in which the normal reactions of darkness had taken place), 9.4 
gm. of acids disappeared during the first day and 6.1 during the second. 
The quantities of starch formed in these intervals were, respectively, 3.1 
and 3.2 gm. Thus the behavior throughout was analogous to that during 
the second day of the other experiment in darkness. 

The details of the transformations of the organic acids are shown in 
figures 11 and 12. In the leaves started in the afternoon, there was a large 
inerease of malic acid and a substantial one of citric acid during the first 24 
hours. During this interval, isocitric acid first increased and then dimin- 
ished. Throughout the second day, all three acids diminished at almost 
equal rates. In the leaves started in the morning, malic acid remained 
nearly constant for 9 hours and then diminished rapidly, citric acid in- 
creased slightly at first, while isocitric acid underwent a sharp drop fol- 
lowed by a rise. During the second day, both malic and isocitrie acids 
diminished while citric acid remained essentially constant. The relation- 
ships among the three acids strongly suggest that interconversions may have 
occurred ; the temporary maintenance of malic acid at the initial high level 
and the small production of citric acid may both be results of reactions that 
consumed isocitric acid. If malic acid was produced as rapidly from iso- 
citric acid as it was decomposed in the course of other reactions, the net 
quantity present would remain unchanged. The increase in citric acid may 
be assumed to result from transformation of isocitric acid via aconitic- acid, 
a reaction well known to occur in muscle tissue (2). In the interval between 
the ninth and twenty-fifth hours of the culture period, the sharp fall in malic 
acid and the corresponding increase in isocitrie acid may have been the effect 
of a reversal of the reaction that occurred during the first 9 hours. 
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Discussion 


The chemical changes that occur during the first 24 hours of culture of 
excised leaves of Bryophyllum are, qualitatively, closely similar to those 
observed in normal leaves (3). Marked fluctuations occur in the form of 
nitrogen that is insoluble in hot alcohol and hot water and which has been 
interpreted as representing protein nitrogen. Leaves that have recently 
been illuminated are low in this component but protein is rapidly formed 
in such leaves when they are placed in the dark. Corresponding changes 
in the opposite direction take place in the soluble nitrogen. The acidity, 
whether measured as pH or by the titration of the organic acids extracted 
from the tissue, likewise undergoes wide variations, acids being synthesized 
in darkness and decomposed in light. Starch is formed during illumination 
but, unless the organic acids are undergoing decomposition, disappears in 
darkness so that the fluctuations are in the opposite sense to those of the 
organic acids. The largest share in the changes in the organic acids is 
taken by malic acid ; citric acid varies in the same direction as malice acid but 
through a smaller range. Isocitric acid, however, varies in a less regular 
manner and the changes that it undergoes are frequently in the opposite 
sense to those of malic acid, sometimes being large, sometimes small, in 
relation to it. 

The chief technical advantage of the leaf culture method is that, because 
of the complete isolation of the biological system, inferences may be drawn 
from the quantities of substances involved in the reactions provided the 
changes are large enough to be outside the range of probable biological varia- 
tion among samples. Within certain limits, therefore, specific interpretations 
of some of the reactions that occur may be attempted. 

It will be useful to point out the contrasts between the behavior of Bryo- 
phyllum leaves and those of tobacco when subjected to culture. Excised 
tobacco leaves cultured in water in light (4) exhibit a prompt and surpris- 
ingly large increase in organic solids, for the most part because of the syn- 
thesis of soluble carbohydrates and starch. In darkness, they undergo 
equally prompt losses owing to the uncompensated effect of respiration, and 
these losses fall heavily upon the carbohydrates and malic acid. The protein 
nitrogen diminishes rapidly under both conditions of culture; evidence was 
secured that implied the complete destruction of that part of the protein 
that disappeared, and indicated that the simple nitrogenous products formed 
underwent a succession of complex transformations. The experiments with 
tobacco leaves were extended for several days so that there is little doubt 
that the greater part of the changes observed, especially in the later stages, 
were catabolic in nature. They showed, however, that leaf cells are the seat 
of intense metabolic activity, and many of the changes were initiated within 
the first 24 hours. 

Excised Bryophyllum leaves likewise undergo profound metabolic 
changes in composition during culture but, in this species, some of the more 
conspicuous changes are a part of the normal cyclic behavior of the tissue 
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under the influence of diurnal variation in illumination. Certain of the 
reactions so clearly observed in tobacco leaves were, on the other hand, 
seareely if at all demonstrable in this species in part because of the brevity 
of the experiment. This statement applies in particular to the reactions 
between the tissues and the oxygen and carbon dioxide of the air; no conelu- 
sive evidence was secured of photosynthesis in terms of an increase of organic 
solids in light, nor could loss of solids by respiration in darkness be demon- 
strated although it is possible that experiments more prolonged than the 
present ones might be successful in this. The evidence, as far as it goes, 
suggests what may be termed a more closed metabolic economy than that of 
the tobacco leaf, and observations that bear on this aspect of the problem 
are to be found in the literature. The work of BENNET-CLARK (1) and of 
Wotr (6) on the respiratory quotient, for example, shows that the liberation 
of carbon dioxide drops to a very low level shortly after the leaves are placed 
in darkness at the time that acid production increases in intensity. It is 
reasonable to infer that carbon dioxide is being utilized within the tissues 
for the synthesis of organic acids, possibly, for example, of oxalacetic acid 
from pyruvie acid by the Wood and Werkman reaction. Later, during 
continued culture in darkness (i.e., after about 12 hours), carbon dioxide 
liberation by the leaves increases and this occurs at the time when the organic 
acids pass their maximum and begin to drop in concentration. Its liberation 
is an evidence of decarboxylation reactions. 

BENNET-CLARK likewise observed that oxygen uptake is high during the 
early phase of acid production but later diminishes. This is in agreement 
with the assumption that the formation of organic acids is a result of oxida- 
tion reactions involving carbohydrates, particularly starch. It is to be noted 
that both oxidation and carbon dioxide fixation are essential if the organic 
acid metabolism of Bryophyllum leaves is to be accounted for in terms of 
the tricarboxylic acid cycle of Kress. Pyruvice acid may be assumed to 
arise from the decomposition of hexoses but an increase in length of the 
three carbon chain of pyruvic acid to four carbon atoms (i.e., conversion to 
oxalacetic acid) is essential if the subsequent production of malic acid is to 
be accounted for. Furthermore, oxalacetic acid is also an essential inter- 
mediate for the formation of isocitrie and citric acids. Regardless, there- 
fore, of the absence of direct information on the presence of the specific 
enzyme systems necessary for these reactions, one is justified in advancing, 
as an hypothesis, the view that the transformations of organic acids observed 
in Bryophyllum leaves are an expression of the activity of such enzyme 
systems. On this view, the several organic acids are intimately linked with 
each other by chemical equilibria and transformation of one acid into an- 
other, of carbohydrates into organic acids and even the reverse transforma- 
tion of organic acids to carbohydrates receive a rational explanation. The 
synthesis of starch in darkness when the concentration of organic acids is 
high becomes a phenomenon that is to be anticipated. It should be pointed 
out that all of the analytical data of the present experiments are in agree- 
ment with the requirements of this hypothesis. 
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During the second 24-hour period of the present experiments, however, 
other phenomena began to make their appearance. The early culture ex- 
periments of BENNET-CLARK showed that the organic acids of Sedum praeal- 
tum leaves passed through a maximum in concentration after about 12 hours 
in darkness and subsequently declined. At the same time, carbon dioxide 
production increased. Wour has made somewhat similar observations on 
Bryophyllum calycinum leaves, and the phenomena are very likely general 
for the Crassulaceae. In the present experiments, certain reactions were 
initiated which were the reverse of those noted during the first day. It is 
probably correct to assume that such reactions represent the beginning of 
the catabolic processes that inevitably follow excision of the leaf. One of 
the first to be demonstrable is, as a rule, the transformation of the nitrogen 
of protein into forms that are soluble and, in particular, an inerease in 
amino nitrogen presumably produced by proteolytic action. These effects 
are clearly evident in tobacco and rhubarb leaves subjected to culture under 
analogous conditions (4,5). They are not especially marked in the present 
case, however, although the culture started in the afternoon does show them 
to a possibly significant extent (fig. 7). 

Another effect well shown by tobacco and rhubarb leaves is the loss of 
organic solids from respiration but, again, the present experiments were not 
sufficiently prolonged for this to become unequivocally clear (figs. 5 and 6). 
However, the disappearance of organic acids, especially malie acid, with a 
corresponding increase in pH is invariably observed and the present experi- 
ments show this especially well. All three of the chief organic acid com- 
ponents decreased sharply during the second day of the experiment started 
in the afternoon, two of them followed the same course in the experiment 
started in the morning. This effect may be regarded as an evidence of the 
increasing metabolic stress to which the excised leaves were subjected. Even 
in this case, however, the analogy with tobacco and rhubarb leaves is not 
close. The Bryophyllum leaves became enriched in starch and there was no 
effect upon the soluble carbohydrates. In tobacco and rhubarb leaves, on 
the other hand, carbohydrates are early involved in the general picture of 
catabolism. 

Taken together, then, the chemical evidence of the present experiments 
suggests a general metabolism adapted for survival under unfavorable con- 
ditions. The response, rather early in the period of stress, is to lay up a 
store of starch. It is quite possible that the well-known capacity of excised 
leaves of Bryophyllum to survive and reproduce by buds which develop at 
the margins may be the ultimate expression of such a provision. 


Summary 


Equal samples of leaflets excised from Bryophyllum calycinum plants 
were subjected to culture with the base of each leaflet immersed in water, 
one set of samples taken in the late afternoon being treated in the green- 
house and a second set in a completely dark room. A third set collected 
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early in the morning was likewise placed in the dark room. Analytical data 
were computed in terms of 1 kilogram of fresh tissue weighed at the time 
of sampling. 

There were no significant effects in any case upon the quantity of organic 
solids nor upon the ash, the alkalinity of the ash, or the total nitrogen; even 
the soluble carbohydrates failed to change. The samples cultured in the 
greenhouse increased sharply in organic acids during the night and de- 
creased during the day, the greater part of the change being due to malic 
acid with citric acid playing a smaller but similar role. Isocitrie acid 
decreased at night and increased during the day. 

Starch varied in a manner the converse of organic acids, the fluctuations 
being in each case through a wider range than those of the acids. Thus it 
is possible that organic acids synthesized at night arose from oxidation of 
carbohydrates. However, some source of starch other than the organic 
acids must be invoked to account for the starch synthesized during the day, 
yet the failure of the organic solids to increase significantly indicates that 
photosynthesis played only a small part. 

Protein increased during the night and decreased during the day, soluble 
nitrogen undergoing similar changes in the reverse direction. 

The leaves cultured in darkness starting in the afternoon at low acidity 
increased in malic, citric, and isocitric acids for 14 hours. The increase in 
malie and citric acids continued for the rest of the first day but isocitric acid 
then began to decrease. All three acids decreased during the second day. 

Starch decreased during the first day in darkness but increased signifi- 
cantly during the second. Protein increased slightly for 14 hours and then 
decreased slowly. 

The leaves cultured in darkness starting in the morning at high acidity 
began to lose isocitrie acid at once. Malic acid dropped slightly but citric 
acid increased ; later malic acid dropped sharply, isocitrie acid increased and 
eitrie acid remained constant. During the second day, isocitrie acid and 
malic acid decreased, and citric acid remained unchanged. 

Starch increased slowly but continuously throughout the 2-day period in 
darkness. Protein decreased during the first day and remained unchanged 
during the second. 

The changes in organic acids and starch can be largely accounted for if 
it is assumed that the several substances are linked by enzymatic reactions in 
a system analogous to the Krebs tricarboxylic acid cycle. 


CONNECTICUT AGRICULTURAL EXPERIMENT STATION 
NEw HAVEN, CONNECTICUT 
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Introduction 


In the design of experiments where plants are to be grown under con- 
trolled radiation conditions, it is necessary to have information on the rela- 
tive power efficiency and the type of growth obtainable with various lamp 
sources, for the proper selection of equipment. It is well known that the 
growth form of plants is dependent upon the incident irradiance, photo- 
period, and the spectral characteristics of the radiant energy (1, 2, 11, 14, 
15, 16). 

Before the introduction of the gaseous discharge lamps, most of the 
studies were made using the incandescent tungsten filament lamp as a source 
(7, 9,14). While the growth rate obtained with the bare incandescent lamp 
frequently was comparable with that often secured under greénhouse con- 
ditions when sufficiently high irradiances were used, the plants usually had 
thin stems and longer internodes than those grown with solar irradiation. 
With the advent of the modern type gaseous discharge lamps, ROooDENBURG 
(17), ArTHuR and his co-workers (1, 2, 3), and others studied the growth 
obtainable with these sources. 

ARTHUR and Stewart (1) observed production of buckwheat plants 
under incandescent, neon, mercury, and sodium vapor lamps. They found 
that, with equal irradiances as measured with a Weston illuminometer, the 
efficiency in production of dry matter decreased in the following order : neon, 
incandescent, sodium, and mercury. When the radiant energy was caleu- 
lated on an equal energy basis, they concluded that the actual order of 
efficiency was sodium, neon, incandescent, and mercury. When sodium alone 
was tried (2), it was found that the plants did not grow well over long 
periods of time. Supplementing the sodium with two hours per day from 
an 85-watt capillary mercury vapor lamp, caused an improvement in growth 
with a number of varieties of plants. 

MitcHe.ut (12) grew tomato plants, using a carbon are and an inean- 
descent filament lamp as sources. He found that total synthesis of dry 
matter was greater per unit of time under the incandescent lamp when 
equivalent energies, as balanced with a Weston cell, were used. The plants 
synthesized more dry matter, although the height was less, under the carbon 
are when equal total radiant energies, as measured by a nonselective detec- 


tor, were used. 
1 Journal Paper no. 272, Purdue University Agricultural Experiment Station. 
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JOHNSTON (11) grew tomato under varying combinations of water-filtered 
ineandescent and mercury are radiant energy and concluded from his studies 
that a greater amount of dry weight is produced with an incandescent lamp 
when it is enriched with blue from a mereury lamp to the extent of 14% 
to 51%. 

Naytor and GerNner (13), Ronrsaven (16), and STroureMEyEerR and 
Ciose (18) have published data on plants produced under fluorescent lamps, 
showing that satisfactory growth can be secured with this souree. However, 
no comparative data for the fluorescent with other lamp sources have been 
published. 

The most important radiation characteristics of lamps to be considered 
for use in growing plants are (1) spectral energy distribution; (2) propor- 
tion of input electrical energy dissipated as radiated infrared; and (3) 
efficiency of production of visible radiant energy within the region of about 
4500 A to 7000 A. The proportion of electrical energy dissipated as radi- 
ated infrared sets a maximum limit on the visible irradiance which can 
be used with bare lamps. The infrared beyond 8000 A apparently has little 
effect other than to raise the temperature of the foliage. If the proportion 
of radiated energy in the infrared is high, as with the incandescent lamp, 
excessive heating of the leaves may occur at high irradiances unless suitable 
filters are interposed between the lamp and the plants. 

The present experiments were designed to investigate the comparative 
growth responses of certain herbaceous annuals under several sourees of 
artificial radiant energy, including the fluorescent, incandescent and high 
pressure mercury are lamps. These lamp sources were selected because they 
represent the most practical types of equipment for general use on the bases 
of (1) commercial availability ; (2) installation cost; (3) ease of lamp re- 
placement and operation ; and (4) power efficiency in terms of visible radiant 
energy production. 


Radiation characteristics of lamps 


The spectral characteristics and electrical power efficiency of lamp 
sources depend primarily on the type of radiant energy producing system 
used ; i.e., incandescent filament, gaseous discharge, and/or phosphors. Sec- 
ondary in importance are operating conditions such as lamp voltage, ambient 
temperature, age of lamp and type of reflector system. The spectral, electri- 
eal, and physical characteristics of commercially available lamp sources are 
thoroughly discussed in manufacturers’ bulletins (8) and in engineering 
publications on lamp characteristics (4, 5, 6). 

The energy distribution of the general service type of tungsten filament 
incandescent lamp is characterized by a continuous spectrum which has a 
maximum in the near infrared at about 10,000 A. The energy continuously 
decreases throughout the visible spectrum as the wavelengths become shorter 
and is practically zero at about 3200 A, which is the ultraviolet transmitting 
limit of ordinary glass. The incandescent lamp is a source which, compared 
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to solar radiant energy, is relatively rich in red and weak in blue radiant 
energy. A 500-watt incandescent lamp radiates beyond the bulb only 12% 
of the input watts into the visible spectrum and over 70% is radiated as 
infrared. Most of the remaining 18% is dissipated as heat to the surround- 
ing air and to the base of the lamp by convection and conduction. The ultra- 
violet radiated beyond the bulb is less than 0.1% of the total input watts. 

The luminous efficiency of ineandeseent lamps of from 500 to 3000 watts 
in the general service types varies from slightly less than 20 to nearly 30 
lumens per watt. The lumen is a convenient unit of luminous flux and 
evaluates spectrally the radiant energy emitted by the lamp in terms of the 
sensitivity of the human eye. The footcandle is a similar unit of irradiance. 
In spite of serious limitations as discussed in a previous report (19), the 
lumen and the footeandle are still the most practical units of visible radiant 
flux and irradiance respectively. These units are useful, however, only 
in comparing sources of similar spectral distribution within the visible 
spectrum. 

One of the principal advantages of the incandescent lamp for general 
use is that no auxiliary equipment is required for its operation. Therefore, 
the luminous efficiency figures given above represent overall efficiencies. The 
rated life for general service incandescent lamps in wattages from 500 to 
1500 is 1000 hours. 

The spectral energy distribution of the high pressure mereury are in 
glass is characterized by the line spectrum of mercury, with a small propor- 
tion of the total radiated energy as a continuous spectrum. Most of the 
energy within the ultraviolet and visible spectrum is distributed within six 
groups of lines at 3341, 3654, 4047, 4358, 5461 A and the doublet centered 
about 5780 A. The mercury are is one of the most efficient sourees of blue 
radiant energy, but is extremely low in the red. Even for the glass lamps, 
from 1% to 2.3% of the input wattage is radiated as ultraviolet. For the 
400-watt H-1 lamp, which was used in these experiments, the radiated infra- 
red is less than that of the ineandescent, but higher than the fluorescent. 

The rated luminous efficiency of the 400-watt lamp alone is 40 lumens 
per watt. When account is taken of the 52 watts dissipated in a single lamp 
transformer, in addition to the wattage consumed by the lamp itself, the 
overall luminous efficiency is actually 35.4 lumens per watt. These lamps 
have a rated life of 3000 hours. 

The fluorescent lamp is a type of low pressure mercury are, in which the 
inside surface of the glass is coated with phosphors which transform the 
ultraviolet energy of the mereury line at 2537 A into radiant energy of 
longer waveler.gths, which include the visible and ultraviolet. The fluores- 
cent lamp phosphors emit a continuous spectrum, the energy distribution of 
which depends upon the choice of phosphor materials. The proportion of 
the input power radiated within the visible spectrum is a funetion of the 
nature of the phosphor, and length and diameter of the tube and other design 
and operating factors. For the 40-watt daylight fluorescent lamp, about 
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0.8% of the input watts is in the ultraviolet, 20.5% is radiated in the visible, 
and 26.5% is radiated as infrared. About 53% of the input energy is dissi- 
pated in convection and conduction. Thus most of the input energy is 
carried away to the surrounding air and is not available directly for raising 
the temperature of the foliage of plants placed under the lamps. 

The overall luminous efficiency of the 30-watt white fluorescent lamp, 
which was used in these experiments, is 40.5 lumens per watt; for the day- 
light lamp, the efficiency is 37.2 lumens per watt. These figures are based 
on the use of 115-volt tulamp auxiliaries. The rated life of the fluorescent 
lamps, standard lamp series, is 2500 hours. 


Experimental methods 


The plants were grown in air-conditioned growth chambers. The air 
temperatures were controlled within + 0.5° to 3° C. of the temperatures 
designated in the tables, depending on the lamp units. The humidity was 
kept in the range of 70% to 80%. Subirrigation gravel culture was used, 
with a double concentration of a Purdue F nutrient solution (20). Manga- 
nese was supplied weekly to the solution and iron three times weekly. No 
other micronutrients were added as previous experience had shown that the 
gravel was capable of supplying all of the other essential micronutrients. 
The pH was maintained between 5.5 and 6.5, except for soybean, in which 
ease the range was 6.5 to 7.0. The nutrient solution was changed every two 
weeks. All of the plants received the same solution, regardless of the radi- 
ation treatments. This caused some difficulty because the nutritional re- 
quirements were found to be somewhat different for the plants growing 
under the various lamp sources. 

Tungsten, fluorescent, and high pressure mercury are (H-—1) lamps were 
used as indicated in the tables. The footcandle measurements were made 
with a Weston photronic cell equipped with a green filter to correct its 
spectral sensitivity to that of the human eye. The measurements were 
checked with a Macbeth illuminometer. The footcandle (fc) values given 
are those at the gravel surface at the beginning of the experimental period. 
As the plants became taller, the values varied from the original ones given. 
Caleulations for power consumption and total radiant energies were made 
from data presented by BaRNEs and his co-workers (4, 5, 6,8). The number 
of hours of radiation differed in the various experiments and are shown in 
the tables. The radiation treatments with the sources were varied on the 
basis of equal power consumption, equivalent footecandles and equal total 
visible energy. 

Results 
EQUAL POWER CONSUMPTION 


Nobel spinach and Heart of France variety of China aster were grown 
for 50 days under the radiation treatments designated in table I. The lamp 
sources were 1000-watt standard incandescent, 3500° K., 30-watt white fluo- 
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rescent and 400-watt H-1 high pressure mercury are lamps. The power 
consumption was the same per square foot for the different sources. Under 
these conditions, the total visible radiant energy under the incandescent was 
58% of that under the fluorescent and mereury lamps as caleulated from 
the data of Barnes and Forsytue (4, 5, 6, 8). The lamps were on for 15 
hours daily. 

The largest and most vigorous plants of China aster, with the most pro- 
fuse flowering, occurred with the incandescent radiant energy, with an inter- 
mediate growth and flowering response under the fluorescent. The plants 
under the mereury were small and averaged only one flower bud per plant. 


TABLE I 


GROWTH AND FLOWERING WITH EQUAL POWER CONSUMPTION 





























PLANT MATERIAL 
HEART OF FRANCE ASTER NOBEL SPINACH 
7 a 
LAMP lc kc 
SOURCE* SS -. op = < 
é ae 5 | & 5 Rie é 
Ca oe ak Mee) eo oe ee 3 ff 
~ x a BO; azz | & = a oe) Ax 
é . - & me -o q a? e BE - © 
> ia o« > Ss °c - - So - Ss 
Zz < < Beliate Z < < & wx Ss 
cm gm mm. gm 
Ineandescent. ...... 12 46.9 8.1 9.6 9.5 20 5.2 1.4 14.4 0 
700 fe 
Fluorescent, 
white PRENSES 12 21.4 4.8 6.6 3.0 20 52.3 1.8 21.5 0.74 
1200 fe 
Mereury ............... .}| 12 18.6 3.8 ae ie 20 14.7 0.6 | 25.0 0.18 
1200 fe | 


























* Same power consumption per square foot for all sources. 


The spinach plants grown under the fluorescent were vigorous and dark 
green, and 74% had flower stalks. Those under the mercury were much less 
vigorous, with flower stalks on but 18% of the plants, With the incandes- 
cent lamp, spinach was small and had no flower stalks or even microscopic 
floral primordia as indicated by micro-dissection methods. 


BALANCED RADIANT ENERGIES 


COMPARISON OF UNFILTERED sOURCES.—Incandescent (1000-watt stand- 
ard), mercury, and white and daylight fluorescent lamps (30-watt) were 
used over Nobel spinach, Biloxi soybean, and Indiana Baltimore tomato. 
The radiant energy was balanced for the various sources to approximately 
800 footeandles directly under the lamps. The mercury and incandescent 
lamps were arranged in one plot so that there were varying proportions of 
mereury and ineandescent radiant energy across the plot as indicated in the 
tables. A 15-hour photoperiod was used. 

The tomato and soybean plants were seeded directly in the gravel and the 
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TABLE II 


RESPONSE OF NOBEL SPINACH TO RADIANT ENERGY AT 800 Fc FOR 15 HOURS FROM VARIOUS 
SOURCES WHEN GROWN AT 20° ©. AND 25° C. 











“20° C. nd 
































25° C. 
, ES : : : 
LAMP SOURCE g | 5 ‘ = 5 
Zz n = vA ND 
3 = e |se#2| & 2 2 
A fs a zee fe fs a 
S . 2 taal 6 . 5 
Z < < “qa Zz < | < 
gm gm | gm gm 
Ineandescent- 
mereury 
ESS a SO 26 5.1 0.37 9.8 15 1.8 0.14 
Oe i 45 | 31 0.23 | 8.1 24 1.8 0.12 
ae oe ae 23 | 14 010 | 63 | 30 || 17 0.10 
Fluorescent, white ..... | |} 2@ | 17 0.13 
Fluorescent, daylight | 29 3.0 0.17 | 69 | 23 7 | 0.13 
*1: 7 to 25% Hg. 
+2: 25 to 86% Hg. 
+3: 86 to 95% Hg. 


spinach in asand-peat mixture. The spinach was transplanted to the appro- 
priate compartments on germination. Air temperatures were controlled at 
15°, 20°, and 25° C. within the limits previously designated. 

The growth results are given in tables II, III, and IV. It should be noted 
that the growth at the various temperatures cannot be compared directly as 
the experiments were neither conducted simultaneously nor for the same 
length of time. Only the data within one temperature range can be com- 
pared. ; 
































TABLE III 
RESPONSE OF BILOXI SOYBEAN TO RADIANT ENERGY AT 800 FC FOR 15 HOURS FROM VARIOUS 
f SOURCES WHEN GROWN AT 20° C, AND 25° C. 
20°C. 25° C. 
z . ec Z a E 
LAMP SOURCE > a = 2 a d 
< x > < x ~ 
_ ~ = = = | =] = 
A fm a A. ee) | fm a 
} > > a) > > > 
Z. < < Z, < < < 
gm. gm. em, gm. | gm. 
Ineandescent- 
mercury 
1* aie: 20 6.6 one: 5: oF 2S Fe Gab 1.0 
2+ slides a; GA | a8. | 21 64 6.0 | 0.7 
3t ee he i 4.0 | 0.48 25 64 5.2 | 0.6 
Fluoreseent, white . | 20 48 7.0 | 0.7 
Fluorescent, daylight | So: 4 af 1. O61 21 39 6.3 0.8 
' i i j 
*1: 7 to 25% Hg. 
+2: 25 to 86% Hg. 
+3: 86 to 95% Hg. 
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When mixtures of incandescent and mercury are radiant energy were 
given the plants, there was a decrease in height and weight as the amount 
of mereury are irradiation was increased. A desirable vigorous stocky 
growth, retaining the increased weight feature secured under the incandes- 
cent alone, was not obtained at any mixture of the two types of irradiation. 





Fic. 1. Nobel spinach (above) and Biloxi soybean (below) at 20° C. under fluo- 
rescent and combinations of incandescent and mercury radiation. Plant seeond from 
right had 7-25% mercury and the plant on the right, 86-95% mercury. (Tables II and 
ITT.) 





bp ea 
abt Pe 


The greatest production of dry matter for all of the species occurred under 
the incandescent—low mercury combination. Here the growth was tall and 
spindling at 20° and 25° C. At 15° C., the plants were stocky and vigorous. 

Very satisfactory growth was secured with the 800 footeandles of white 
and daylight-fluorescent radiant energy with all of the species, except at 15°. 
The tomato plants were small, dark green and grew slowly at this tempera- 
ture. The white fluorescent in some cases gave somewhat better growth as 
evidenced by increased weight and height than did the daylight, but the 
differences were very slight. At 15° and 20°, the tomato plants under the 
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fluorescent were short and stocky, with marked anthocyanin pigmentation, 
a blue-green color, and long petioles and short internodes. At 25°, the color 
was lighter green, there was little anthocyanin, which disappeared as the 
plants became older, and the internodes were longer than at 15° and 20°. 


TEMPERATURE MEASUREMENTS 


Because of the wide variations in growth and the differences in total 
radiated energy, measurement of the temperature of the root media and at 
the under side of the leaves of tomato were made when equal total visible 
energy was supplied from incandescent (500 fe) and white fluorescent 
sources (900 fe). The temperatures at the leaf were measured with a pair 
of constantin-copper thermocouples and a galvanometer. The thermocouples 
consisted of No. 40 AWG wire. The junctions were soldered to thin vanes 
of silver, the cold or air junctions having a vane about 1 em. square, and 
the hot or leaf junction a vane about 0.5 em. square. The leaf junction was 
fastened to the underside of the leaf with cellophane adhesive tape. The air 
junction hung from 2 to 5 em. below the leaf junction in the shade of the 
leaf. The system was calibrated by suspending the junctions in water at 
known differences of temperature. 

The temperature at the underside of the leaves varied from 4° to 5° C. 
above air temperature under the fluorescent lamps. The incandescent radi- 
ant energy usually raised the temperature at the underside of the leaf 9° to 
11° C. higher than air temperature. These differences occurred when the 
refrigeration was on in the growth chambers. Without refrigeration, the 
differences between air and leaf temperatures were not so great. 

It is realized that this was not a measurement of the actual temperature 
within the leaf or at the upper surface of the leaf, and that the data secured 
are only indicative of the range of temperature differences occurring between 
the two lamp sources. Previous efforts had been made to secure leaf tem- 
peratures by inserting the wire of a thermocouple into the leaf, but the 
injury was considerable and it was not felt that this was an accurate meas- 
urement of the temperature occurring in an intact leaf. However, the trend 
and magnitude of differences were similar to those secured by the method 
reported above. 

The temperature of the root media at 5 em. below the surface was from 
3° to 6° C. higher directly under the incandescent lamps than under the 
fluorescent, the variation depending on the number of hours the lamps had 
been on previous to measurement and factors such as the length of time 
following irrigation. 


FILTERED MERCURY ARC AND INCANDESCENT 


RADIANT ENERGY.—In view of the results secured with the mereury are 
radiation showing the low efficiency of dry weight .produetion, it was con- 
sidered that possibly the strong near ultraviolet radiant energy at 3654 A 
and the high proportion of energy in the blue might be producing an in- 
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hibiting effect. In order to test this hypothesis, filters were prepared as 
dyed gelatin films poured on glass, which completely absorbed the 3654 A 
line in one case and the 3654 A line and the group of lines in the blue in the 
other. 

The filters were prepared by mixing equal parts of dye and a gelatin 
stock solution, pouring the mixture on carefully levelled panes of glass, 64 
em. square, at the rate of 20 ml. of mixture (10 ml. stock gelatin and 10 ml. 
of dye solution) per 100 sq. em. of glass surface. The stock gelatin solution 


TABLE V 


TRANSMISSION OF GELATIN FILTERS USED TO ABSORB SHORTER WAVELENGTHS 
OF THE MERCURY ARC SPECTRUM 

















FILTEB No. 2 
FILrTer No. 1 . - 
WAVELENGTH (ABSORBING 3654 A LINE) | , sees . ae” 7 
TRANSMISSION TRANSMISSION 
mu To %o 
320 0 0 
330 0 0 
340 0 0 
350 0 0 
360 0 0 
365 0 0 
370 0.5 0 
375 6.0 | 0 
380 16.0 0 
385 30.0 0 
390 36.0 0 
400 64.0 0 
410 76.0 0 
420 81.0 0 
430 0 
440 0.5 
450 81.0 3.0 
455 7.0 
460 14.0 
470 34.0 
480 53.0 
490 68.0 
500 88.0 77.0 
520 | 86.0 


consisted of 150 gm. gelatin and 50 gm. sorbitol dissolved per liter of water. 
Filter No. 1, absorbing the 3564 A line, contained 25 mg. naphthol disulfonic 
acid and 25 mg. hydroxy naphthoiec acid per 100 sq. em. of glass surface. 
Filter No. 2, absorbing the 3654, 4047 and 4358 A lines, contained 25 mg. 
picrolonic acid per 100 sq. em. glass surface. The transmission of the two 
filters are given in table V. 

Four experimental conditions were set up at equal total energies, inelud- 
ing (1) high pressure mercury are with a film of undyed gelatin on glass 
interposed ; (2) high pressure mercury are filtered so that the 3654 A mer- 
cury line was absorbed; (3) high pressure mercury are filtered so that the 
3654, 4047 and 4358 A lines were absorbed ; and (4) incandescent irradiance 
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. TABLE VI 


RESPONSE OF INDIANA BALTIMORE TOMATO TO THE REMOVAL OF THE SHORTER WAVELENGTHS 
OF THE MERCURY ARC SPECTRUM AND TO INCANDESCENT RADIANT ENERGY 





























AV. FRESH AV. DRY Dry ToP-R 
TRRATMENT* wr. wT. MATTER a: AV. MP. 
gm. gm. % em, 
Mercury are, unfil- 
apres eae 8.7 0.43 4.9 21 24 
Mereury are, 3654 | 
A line removed 9.3 0.46 | 4.9 28 26 
Mercury are, 3654, 
4047, and 4358 
A lines removed 1.3 0.07 5.1 11 13 
Incandescent _......... 29.3 2.42 8.2 39 77 





* Twenty-five plants per treatment, - 


of equal value in total visible radiant energy to (1). The irradiance was 
adjusted to an average of 270 fe for the mereury treatments and to 175 fe 


Hs! pet oy gee Kap Gikopeeinnet BS 
Fig. 2. Response of tomato to the removal of the shorter wavelengths of the mereury 
are spectrum. (1) Full radiation from 400-watt H-1 mercury are lamp. (2) Radiation 
from 400-watt H—1 mereury are lamp, 3654 A line absorbed by filter. (3) Radiation from 
400-watt H-1 mercury are lamp, 3654, 4047 and 4358 A lines absorbed by filter. (4) 
Radiation of equal total visible energy from an incandescent lamp. 
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for the incandescent. A 15-hour photoperiod was emploved. The mereury 
lamps were turned on 15 minutes prior to the incandescent so that they were 
at full irradiance at the beginning of the photoperiod. The temperature was 
maintained at 20° C. The treatments included 25 plants each, which were 
under the radiation variables from germination to harvest at the end of six 
weeks irradiation. 

The results are given in table VI and figure 2. These data indicate that 
removal of the 3654 A mercury line had no significant effect on the growth 
of tomato. However, when the blue lines were removed, a very great reduc- 
tion in growth and dry weight occurred. This is to be expected since the 


TABLE VII 


GROWTH AND FLOWERING RESPONSE OF NOBEL SPINACH TO VARIOUS SOURCES 
OF ARTIFICIAL RADIATION AT 20° C. 





PLANTS AV. FRESH AV. DRY 
stnie: Lav. ur WEIGHT WEIGHT Dry 


ING 


RADIATION No. 
TREATMENT PLANTS 





Tors Roots | Tops | Roors 





SERIES I. EQUAL FOOTCANDLES 
RADIATION TREATMENTS BEGUN 12 DAYS FROM SEEDING FOR 55 DAYS; 18-HR. DAY 


























% em. gm. gm. | gm, gm. Wi 
Incandescent. .................. 56 5 3.0 64.5 32) 4.2 0.28 6.6 
750 fe 
TIneandeseent, water 
SG ieiatencticoeesieccttiad 46 | 80 9.0 | 40.8 2.3 3.0 | 0.19 7.4 
750 fe | 
Fluorescent* aes 37 | 100 24.4 | 44.3 1.3 2.5 0.09 5.6 
750 fe | | 





SERIES II. EQUAL TOTAL RADIANT ENERGIES IN THE VISIBLE 
RADIATION TREATMENTS BEGUN 12 DAYS FROM SEEDING FOR 42 DAYS; 24-HR, DAY 
Ineandescent 45 89 26.8 | 28.1 i2 | 22 | 0.10 8.0 
500 fe | | 
| ' 
} 
| 


Ineandescent, water 
filter ............ 47 100 68.0 | 32.5 1.1 23 | 0.11 7.1 
500 fe 
Fluorescent” ................. 48 100 31.3 | 24.8 0.8 1.9 0.07 7.6 
900 fe | 


* White. 

















blue lines of the mereury coincide with the blue maximum of the chlorophyll 
absorption curve. The yellow and green lines are in the region of minimum 
chlorophyll absorption, and therefore, even though there is a great deal of 
energy radiated in these lines, it is relatively ineffective in promoting carbon 
assimilation and the poor growth that resulted was undoubtedly due to this 
low photosynthetic rate. Under this condition, 25 per cent of the plants 
died before the 6 weeks of treatment were finished. 


Comparison of water-filtered and unfiltered incandescent radiant 
energy with fluorescent radiant energy 


It was thought that perhaps the tall weak growth secured with plants 
grown under unfiltered incandescent irradiation as compared with fluores- 
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cent might be partly due to the rise in temperature of the root media and 
to the differential increase in temperature of the leaves under the inecandes- 
eent. It could be determined whether this were the case if the incandescent 
lamp were filtered with water so that the far infrared radiant energy were 
removed and no great differential increase in temperature of the leaves and 
the root media occurred. 


TABLE VIII 


GROWTH RESPONSES OF BILOXI SOYBEAN TO VARIOUS SOURCES OF ARTIFICIAL 
RADIATION AT 20° C, 





















































Av.PRESH | AV. DRY 
RADIATION No. AV. HT WEIGHT WEIGHT DRY 
TREATMENT PLANTS | © ~*° |-—— ——_ aad —_——_—_—__————| MATTER 
| Tors | Roors | Tops | Roors | 
SERIES I. EQUAL FOOTCANDLES 
HARVESTED 24 DAYS APTER SEEDING; 18-HR. DAY 
cm | gm. gm, gm, gm, % 
Ineandeseent 55 36.4 | 10.0 1.32 1.36 0.12 12.2 
750 fe 
Ineandescent, water 
filter 3 ; 48 54.1 | 6.8 1.23 0.85 0.08 11.5 
750 fe 
Fluorescent t 51 305 | 4.7 0.96 0.54 0.06 10.6 
750 fe 
SERIES 11. EQUAL TOTAL RADIANT ENERGIES IN THE VISIBLE 
HARVESTED 31 DAYS APTER SEEDING; 18-HR. DAY 
Incandescent 42 512 | 116 1.10 1.70 0.13 14.4 
500 fe 
Ineandescent, water 
filter 40 74.2 | 8.4 0.80 1.06 0.10 12.7 
500 fe 
Fluorescent t 40 40.3 5.0 0.58 0.62 0.05 11.8 
900 fe 
Greenhouse* 80 34.1 6.4 1.06 0.84 0.83 12.3 
SERIES II. EQUAL TOTAL RADIANT ENERGIES IN THE VISIBLE 
HARVESTED 34 DAYS APTER SEEDING; 24-HR. DAY 
Incandescent 27 77.0 30.8 1.9 | 4.4 0.21 14.1 
500 fe 
Incandescent, water 
filter 32 87.4 | 185 1.6 2.6 0.12 13.5 
500 fe 
Fluorescent t 36 66.4 | 14.2 1.9 2.0 0.19 13.5 
900 fe 








* Average 10-hour winter day. 


+t White. 














Indiana Baltimore tomato, Nobel spinach and Biloxi soybean were grown 
under controlled temperature and incandescent (750-watt standard) and 
fluorescent radiation (30-watt white) conditions as previously described and 
indicated in the tables. 
energy was filtered through five inches of water. 
species are given in tables VII, VIII, and IX. 


For the water-filtered incandescent, the radiant 
The results for the three 
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TABLE IX 


GROWTH RESPONSE OF INDIANA BALTIMORE TOMATO SEEDLINGS TO EQUAL TOTAL VISIBLE 
RADIANT ENERGIES FROM VARIOUS SOURCES OF ARTIFICIAL RADIATION AT 20° C. 




















i: AV. PRESH AV. DRY 
RADIATION No. Av. nr. | WEIGHT WEIGHT | Dry 
TREATMENT* PLANTS | © * |—————~———- —_——-| MATTER 
| ToPs Roots TOPs Roots | 
gm, | gm. gm. gm, gm, % 
Incandescent 20 43.0 | 213 | 1.6 1.40 | 0.134 6.3 
500 fe | 
Incandescent, water | 
filter x 20 306 | 183 | 2.3 118 | 0.153 | 6.0 
500 fe 
Fluorescentt ..... 20 100 | 99 | 16 0.84 | 0.140 8.5 
900 fe 
* Radiation treatments begun 10 days from seeding for 30 days; 15-hr. photoperiod. 
t White. 


The height and weight of the spinach plants were dependent largely on 
whether the flowering condition prevailed or not. When equivalent foot- 
candles were used from the various sources at 750 fe for 18 hours daily, only 
5% of the plants under the incandescent flowered, while 80% flowered 
under the water-filtered incandescent and 100% under the fluorescent. The 
flowering results with spinach under unfiltered incandescent may have been 


|NCANDESCENT 
WATER FILTER 
750 FC 


INCANDESCENT 
750 FC 





Fic. 3. Nobel spinach at equal footcandles of white fluorescent, incandescent and 
water-filtered incandescent radiant energy at 20° C. (Table VII.) 
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due to the comparative temperature increase, although Nobel spinach has not 
been shown to be temperature sensitive in its qualitative flowering responses 
under greenhouse conditions (21). When equal total energies in the visible 
were used and the plants were given 24 hours at 500 fe ineandescent (filtered 
and unfiltered), 89% of the spinach plants flowered in the unfiltered inean- 
descent, and 100% under the filtered incandescent and the comparable fiuo- 
rescent treatment (900 fc). Where fairly comparable flowering percentages 





Fie. 4. Biloxi soybean at equal footeandles of white fluorescent, incandescent and 
water-filtered incandescent radiant energy at 20° C. (Table VIII.) 


existed, the greatest height and fresh weight of the plants occurred when the 
incandescent was filtered with water. The dry weights were similar for the 
two incandescent treatments. As was found previously, the plants under 
the fluorescent were shorter and had less fresh and dry weight. 

Biloxi soybean gave uniform trends in growth with the various sources 
regardless of irradiance or daylength. The total fresh and dry weights 
were, in order of decreasing magnitude: incandescent, filtered incandescent, 
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and fluorescent. The heights decreased from the filtered incandescent, 
through the incandescent to the fluorescent. Percentage dry matter was 
greater for the incandescent. 

Tomato was decreased in height from the filtered incandescent as com- 
pared with the incandescent, with the shortest plants in the fluorescent. The 
fresh and dry weights of the tops decreased in the same order. The heavier 
roots were in thé fluorescent and the percentage dry matter was least with 
the filtered incandescent. 





Fig. 5. Indiana Baltimore tomato at equal total visible radiant energies from white 
fluorescent, incandescent and water-filtered incandescent sources at 20° C. (Table IX.) 


Discussion of results 


The results show that, of the three sources used in this investigation, the 
incandescent and fluorescent lamps are the only ones which produce reason- 
ably satisfactory growth. The mercury are is inefficient in supporting 
growth, probably due to the fact that the two most powerful lines in the 
visible spectrum occur in the green and yellow at 5461 and 5770-5791 A, 
respectively, where the chlorophylls have a minimum absorption. The blue 
lines at 4047 and 4358 A are responsible for only slightly more than one- 
third of the total visible radiant energy of the H—1 mercury are and are the 
only lines which coincide with the chlorophyll absorption bands. These con- 
siderations appear to account in part for the low efficiency of the mereury 
are. Removal of the strong 3654 A line in the near ultraviolet did not pro- 
duce any significant effect, thus indicating that this line cannot be considered 
as producing any appreciable depressing effect on growth. 

In general, the greatest dry weight production and height occurred with 
incandescent sources, whether compared on the basis of equal total electrical 
power consumption per plant, equivalent footcandles, or equal total visible 
energies. This indicates that the incandescent lamp is more efficient in the 
production of dry matter than either the daylight or white fluorescent lamps. 
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The principal disadvantage of the incandescent lamp is that it produces 
a plant with relatively long internodes, long petioles, and weak stems as com- 
pared with the growth obtained under solar irradiation. Data presented by 
Popp (15) and others, show that for high irradiances, blue radiant energy 
produces a shorter plant than red ; under the longer wavelengths, the plant 
is tall, has long internodes, and is somewhat etiolated in appearance. How- 
ever, supplementing the incandescent lamp with mercury are irradiation 
did not appreciably improve the situation. Possibly supplementing the 
incandescent lamp with a blue-rich source as the blue fluorescent might prove 
useful in this connection, but this was not tried in these experiments. 

A second disadvantage of the incandescent is that the radiated infrared 
causes the temperature of the leaves and root media to increase appreciably 
above the air temperature. There are several alternatives which can be used 
to partially correct this situation. The radiant energy can be filtered 
through water, which removes a little over one-third of the total radiated 
energy. Also the growth chambers can be operated at a reduced tempera- 
ture to partially compensate for the higher leaf and media temperatures. 
Adequate circulation of air is necessary with high wattage unfiltered incan- 
descent lamps. Where constant temperature conditions cannot be main- 
tained, it is practically impossible to use unfiltered incandescent lamps to 
furnish the sole radiant energy for plants growing in small enclosed areas. 

The temperature effects do not appear to be primarily responsible for 
the tall weak plants, elongated internodes, and long petioles secured with the 
incandescent. Removing the far infrared from the incandescent source with 
water so that the temperatures of the leaves and root media were not appre- 
ciably increased, as compared with fluorescent irradiation, appeared, in some 
cases, to increase the magnitude of the etiolated response rather than to 
decrease it. However, the temperature differences are responsible, in all 
probability, for some of the differences in synthesis of dry matter and for 
certain of the growth responses. 

The plants were shorter, stockier and had darker green leaves with the 
fluorescent sources used than with the incandescent, and a superior growth 
form despite the fact that the total dry matter produced was considerably 
less than that produced under the incandescent. The fluorescent lamps have 
a somewhat larger proportion of the total energy emitted in the visible where 
it is useful to the plant than does the incandescent. A lesser proportion is 
in the infrared and much of this is dissipated by convection and conduction 
so that the lamps may be placed much closer to the plants than is possible 
with incandescent sources. With 30-watt fluorescent lamps, 3500° K. white, 
it is possible to secure 1200 footeandles directly beneath the lamps, if the 
lamps are mounted on a white reflecting surface at 14-inch centers. A choice 
of fluorescent lamps is available so that a differential distribution of wave- 
lengths is possible. However, none of the lamps can be used for critical 
spectral studies since their transmission bands are not sharp enough for most 
work of this type. 
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On the whole, an entirely satisfactory artificial source of radiant energy 
for plant growth is not yet available. However, the fluorescent sources 
appear to best meet requirements for general experimental work where radi- 
ant energy conditions are not to be a variable, despite the slower growth rates 
secured, since the plant form more nearly resembles that seeured with day- 
light. Combinations of fluorescent lamps employing various phosphors may 
give improved results as compared to either the white or daylight, especially 
if a transmission curve similar to the chlorophyll absorption curve or the 
photosynthesis curve could be secured. 

It should be pointed out asa consideration in working with artificial 
sources, that experimental data secured with any artificial source cannot be 
directly applied to interpretation of phenomena observed with solar radiant 
energy. Because no source has the same spectral distribution of energy as 
sunlight, it is impossible to predict that plant responses to such variables as 
photoperiod, irradiance, and others will be similar to those secured under 
greenhouse or field conditions. 


Summary 


Comparative growth responses of certain herbaceous annuals to several 
sources of artificial radiant energy were investigated. The sources included 
unfiltered incandescent, water filtered incandescent, high pressure mercury 
are lamps, and white and daylight fluorescent lamps. The plant material 
irradiated was: China aster, variety Heart of France ; spinach, variety Nobel ; 
soybean, variety Biloxi; and tomato, variety Indiana Baltimore. The studies 
were made at 15°, 20°, and 25° C. and at varying photoperiods. 

The greatest height and fresh and dry weight occurred with the incan- 
descent sources. The water-filtered incandescent condition often produced 
taller plants with a lower percentage of dry weight than was the case with 
the unfiltered incandescent. The shortest plants, with the smallest fresh and 
dry weights, occurred with the high pressure mercury are lamp. Removing 
the 3654 A line in the near ultraviolet spectrum of the mereury are lamp 
failed to produce any significant increase in growth, indicating that this line 
is not responsible for the poor growth secured with this souree. When the 
incandescent and mercury sources were set up in a single plot so that there 
were varying percentages of mercury and incandescent radiation, the height 
and weight decreased as the percentage of mercury radiant energy was in- 
ereased. The plants under the fluorescent lamps were of an intermediate 
type of growth which was vigorous and stocky except at 15°. At 15°, the 
tomato plants were hard and grew slowly, a typical low temperature re- 
sponse. The white fluorescent gave a very slightly increased growth in 
some cases as compared with the daylight fluorescent lamp. 

While there was greater production in fresh and dry weight under the 
incandescent lamp sources, the growth, on a whole, was tall and spindling 
except at 15° C. with tomato, and was not of a desirable type for general 
studies. Filtering the incandescent lamps through water to eliminate the 
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différential rise in temperature of the leaves and root media as compared 
with the fluorescent lamps failed to produce a stockier growth, but rather 
accentuated the etiolated type of response in some cases. It appears that 
the differences in growth responses secured with the various sources can be 
vorrelated principally with the differences in the respective spectral charac- 
teristics of the lamps. 

The same trend in the results as summarized above were secured whether 
the energies were balanced on the basis of equal power consumption per 
square foot, equivalent footcandles, or equal total visible energies. The 
general trend was the same for 15-; 18-, and 24-hour photoperiods for the 
plant material used, except where differential flowering responses . were 
secured. 

It is concluded that no-entirely satisfactory artificial sources of radiant 
energy for plant growth are available, but that the fluorescent sources appear 
to best meet requirements for general experimental work. 
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THE THERMODYNAMICS OF ACTIVE (NON-OSMOTIC) 
WATER ABSORPTION 


J. LEVITT 


Received December 30, 1946 


In recent years, several workers (1, 2, 12, 14, 15) have brought forward 
evidence of a ‘‘secretion pressure’’ or ‘‘non-osmotie force’’ which is supposed 
to control the movement of water into (and out of) living plant tissues by 
causing an ‘‘active’’ (non-osmotic) uptake of water.. So much of this. evi- 
dence is indirect and controversial that papers expressing the opposite views 
have appeared (6, 7,17). Since the postulated phenomenon depends on the 
expenditure of respiratory energy, it seems advisable to determine whether 
the conclusions are thermodynamically possible. 

Perhaps the strongest argument in favor of active water absorption is the 
recognized fact of active solute absorption. It seems axiomatic that if a 
plant is capable of the latter, it should also be capable of the former. The 
concentration of K ions in the cell sap of Valonia has been shown to be 20 
parts per thousand in excess of that outside the cell (20). If we assume a 
similar excess of a corresponding anion, this may mean a diffusion pressure 
of as high as 15-20 atms. However, Valonia cells have a volume of one to 
several cm.’ If we assume that the cells of most higher plants are spherical 
with a radius of 5-50 » (or non-spherical and of larger dimensions) the spe- 

area. 1 
volume radius 
Valonia cells. Consequently, the cells of higher plants would have to expend 
200 to 2000 times as much energy per unit volume as Valonia cells in order 
to maintain such a gradient. 

The values obtained for higher plants are somewhat less {100 milliequiva- 
lents K per liter in excess of that in the surrounding solution (9) ]; this is 
equivalent to a pressure of about 4} atms. This gradient, however, is between 
the root cells and the surrounding soil solution. Consequently, the area sepa- 
rating the diffusion gradient is immensely smaller than the total cell area of 
a plant. In order to maintain a similar gradient between the protoplasm 
and vacuole of plant cells, it would require the expenditure of thousands of 
times as much energy as to maintain the above K gradient between roots and 





cific area ( ) is of the order of 200 to 2000 times that of 


soil. 

There is another factor, however, that must be considered. The energy 
required to maintain a negative gradient for any substance is proportional 
to the permeability of the eell to that substance; i.e., to the rate of diffusion 
of the substance across the membrane separating the two different concentra- 
tions. Since the cell is far more permeable to water than to any other sub- 
stance normally occurring in it, far more energy would have to be expended 
to maintain a negative gradient for water than for any other substance. 
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The permeability constant for water is of the order of 10-’ M/cm.?/see. 
for a gradient of 1 M; that for K is of the order of 10°" to 10-** M/em.?/see. 
for gradients of 0.01 to 0.06 M [ (4) tables XIV and XXXI]. Therefore, at 
least 1000 times as much energy would have to be expended to maintain the 
same negative gradient for water as for potassium, which is one of the most 
rapidly penetrating ions. 

Thus the energy used to maintain the high concentration of potassium in 
plant cells is sufficient to maintain a diffusion gradient for water of only the 
most minute fraction of one atmosphere. 

If a negative diffusion gradient is to be maintained, some mechanism must 
be available to ‘‘pump’’ water against the gradient as rapidly as it is dif- 
fusing with the gradient.. Consequently, work must be done equal to the 
product of the force x the distance moved : 


W =Fs ; (1) 
Since by definition F = pa and s = vt 
W = pavt (2) 
where p = the negative diffusion pressure against which water is moved; i.e., 
the ‘‘active’’ pressure. 

a = the area across which the gradient occurs. 

v = velocity of diffusion of water. 

t = time. 

In order to maintain cgs units, p (the pressure in atms.) must be con- 
verted to dynes/em.’; i.e.,x 10°. If A is taken as specific area, the resulting 
quantity is the work done/cm.* tissue or /gram tissue (approximately) ; v, 
the velocity of diffusion of water, can be obtained from the permeability of 
the cell to water. This value has been determined for several plant ceHs. 
When expressed in »/hr./atm. at 20° C., it is 10-20 for Fucus eggs (16) ; 
33 for Salvinia (10) ; and 21 for onion bulb cells (11). Since these values 
do not differ greatly from each other, a value of 20 will be used. Converting 
to em., it becomes 20 x 10°* em./hr./atm. From this value, the velocity of 
diffusion v, becomes Pp where P = permeability and p = diffusion gradient in 
atms. Thus Ww ai 

e 10*paPp \ 10*p*AP ergs/hr./gm. tissue > /*s WP (3Y 

The only source of energy in the plant for such work is the respiratory 
process. Consequently, in order to determine whether any particular nega- 
tive gradient is thermodynamically possible, it is necessary to calculate the 
amount of sugar that would have to be respired in order to do this work. 

Taking 4.185 as the mechanical equivalent of heat and 3.75 kg. cal./gm. 
as the heat of combustion of glucose, the amount of sugar respired would be 

10°p?AP 
S = 107 x 4.185 x 3.75 x 10" 





= 6.4 10-*p?AP (4) 


or, if P is taken as 2 x 10°° em./hr./atm. 
S = 1.28x10*p?A (5) 
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This gives the gm. glucose /gm. tissue/hr. that would have to be respired 
in order to maintain the negative diffusion gradient of p atms. 

It should be noted that this is a minimum value, assuming that all the 
respiratory energy released is utilized for this purpose; i.e., 100% efficiency. 
And it does not matter what the mechanism of active absorption is, this mini- 
mum amount of energy must be utilized. 


Analysis of published results 


BENNET-CLARK ef al. (1) compared the plasmolytic and cryoscopie values 
for the osmotic pressures of six kinds of plants. In most cases the plasmo- 
lytic values were about 50% higher than the cryoscopic values, though some 
plants yielded no significant differences. They concluded that the difference 
is due to a ‘‘seeretion pressure.’’ According to their calculations, the ‘‘secre- 
tion pressure’’ amounted to 2.6—7.1 atms. in the case of the beets they tested. 
Thus p can be taken as having an average value of 5 atms. A, the specific 
area, is the tonoplast area/em.*® Beet root cells are large, but the largest are 
not more than 0.5 mm. long and 0.2 mm. wide. They are not perfect cylin- 
ders, but if we use these maximum figures and assume them to be such, we 
shall certainly be underestimating the specific area. The cytoplasm layer 
is barely detectable in these cells, consequently cell area can be used for 
tonoplast area. From these values, specific area of beet cells (A) can be 
estimated. 

Q2erl+2rr? 2(l+r) 





. ar?l a 
where | = .05 em. 
r = .01 em. 


A = 240 em.?/em.* 

If we now apply equation (5) 

S = 7.7 x 10° gm. glucose/gm. tissue/hr. 

Since the dry matter of a beet is about 15% of the fresh weight, this 
means that the beet would respire all of its dry matter in less than 3 months 
in order to maintain the negative diffusion gradient of 5 atms., even if all the 
respiratory energy were used for this one purpose. 

In a later paper, BENNET-CLARK and Bexon (3) determine the respira- 
tory rate of beet tissue. The highest values obtained by them were about 
150 pl gas/hr./gm. fresh tissue. In terms of glucose utilized, this is equiva- 
lent to 2 x 10-* gm. glucose/gm. tissue/hr. Consequently, even the maximum 
respiration rate of beet tissue, which occurs temporarily under conditions of 
stimulation, is only about 2.5 times the rate that would be required to main- 
tain the negative diffusion gradient postulated by BENNET-CLarRK et al., if all 
the respiratory energy released were utilized for this sole purpose. 

These calculations prove that their hypothesis of a ‘‘secretion pressure’”’ 
cannot account for the differences they obtained between plasmolytie and 
eryoscopic values. The true explanation is therefore to be sought elsewhere. 
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Other workers, following up their results, have also found differences be- 
tween the plasmolytic and cryoscopic values. RoBerts and Styies (17) 
obtained good agreement in the case of some conifer leaves but large differ- 
ences with others. They attribute the differences to the presence of muci- 
laginous colloid. Currier (6) repeated the work with beets. In most cases 
the plasmolytic values were no more than 10% larger than the cryoseopic 
values, though in one series he obtained the same 50% difference found by 
BENNET-CLARK et al. His explanation is similar to that of RoBerts and 
Stytes. He suggests that water squeezed out of the wall and protoplasm 
dilute the sap expressed from the frozen and thawed tissues. His own ealeu- 
lations, however, show that the protoplasm and wall do not contain enough 
water to account for the difference. Similarly, the colloid in the plants used 
by Roperts and Sty.es cannot hold enough water to account for the differ- 
ences of as much as 21.5 atms. that they obtained. 

To check the experimental results of BENNET-CLARK et al., the author 
determined the plasmolytic and cryoscopic values for red beets. A whole 


TABLE I 


CRYOSCOPIC AND PLASMOLYTIC O.P. VALUES FOR BEETS 


A 1sotTonic CaCl. 











BEETROOT A JUICE A isotonic CaCl, 


A JUICE 
°C. oC, 
1 0.885 1,02 
2 0.82 1.02 
3 0.91 0.99 
4 0.885 1.02 
5 0.93 0.99 
6 0.89 1.02 
Total 5.32 6.06 1.14 





beet was sliced, sections were cut from near the middle of the center slice for 
plasmolytic determinations, and the other slices were frozen for eryoscopic 
determinations, 

In agreement with BENNET-CLARK ef al., the plasmolytic method yielded 
higher values than the cryoscopie (table I). But the increase is only 14% 
instead of the 50% obtained by them. Similar results were obtained with a 
set of beets having a freezing point lowering of about 1.5° C. It has long 
been known that such a difference exists, but this has usually been ascribed 
to the fact that the cryoscopic value is obtained with the normal cell sap, the 
plasmolytic value with sap concentrated by the exosmosis of water accom- 
panying the loss of turgor on plasmolysis. 

BENNET-CLARK et al. state that the ratio of the volumes of turgid: flaccid 
cell can be obtained from measurements of the linear dimensions of thin 
slices before and after plasmolysis. According to them, ‘‘in the ease of the 
three beets used, the shrinkage was found to be between 2 and 4%.’’ From 
this they conclude that the value of the ratio in the beet roots examined was 
between 1.00 and 1.05. 
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It is not clear from their statement whether the volume shrinkage or 
linear shrinkage is between 2 and 4%. If it is the latter, then the volume 
ratio will be between 1.06 and 1.12 instead of 1.00 and 1.05. This would 
agree better with results usually obtained for potato tuber tissue. Thus the 
two ratios caleulated from Lyon’s (12) results (table I) are 1.04 and 1.13, 
respectively. 

To check this, some measurements were made on beet roots (table IT) 
taken from the same lot as those used for the determinations in table I. 

The average linear ratio was 1.05, which agrees with the values given by 
BENNET-CLARK et al. for the volume ratio. The true value for the volume 
ratio is 1.16. Thus the plasmolytic value is 14% larger than the eryosecopic 
value, and the decrease in cell volume that occurs during the determination 
of the plasmolytic value is 16%. Consequently, in these beets the ‘‘secretion 
pressure’’ postulated by BENNET-CLARK ef al. is non-existent. 

From these results it is evident that part of the diserepaney between the 
plasmolytie and eryoscopic values of BENNET-CLARK ef al. is due to their 


TABLE II 


DETERMINATIONS OF THE RATIO OF TURGID : FLACCID CELL IN BEETROOTS. 
EACH VALUE AN AVERAGE OF 6—10 STRIPS 


ORIGINAL LENGTH LENGTH IN HYPER- 














‘one | LINEAR RATIO LUME RATI 
OF TISSUE STRIP TONIC CaCl, VOLUME BATIO 
mm, 
30.0 28.50 1.055 
29.0 27.75 1.045 
29.5 28.15 1.050 Av. 1.16 














underestimation of the change in cell volume on loss of turgidity. CURRIER’s 
values (2.2-7.3% ) also seem too low, possibly due to the fact that one meas- 
urement was made on normal tissue, the other on infiltrated tissue. Changes 
in intercellular volume may conceivably mask part of the change in cell 
volume. Judging from cell measurements, however, the maximum cell 
shrinkage is not likely to be more than 20%, and therefore cannot wholly 
account for the differences obtained by BENNET-CLARK et al. 

The method they used for plasmolytic determinations may also have been 
at fault. They deny the possibility of adhesion of protoplast to cell wall, 
partly because no wall deformation was seen. Such a deformation is not 
likely to be seen since it would be in the vertical plane of the section. The 
method used by the author avoids such an error, since the cells are always 
strongly plasmolyzed first, then allowed to deplasmolyze in successively 
weaker solutions until incipient plasmolysis is detected. This method has the 
added advantage of producing convex plasmolysis even in cells with the most 
viscous protoplasm. Traces of convex plasmolysis are much more readily 
detected than traces of concave plasmolysis. The use of CaCl, as plasmolyte 
avoids changes in concentration such as occur in sugar solutions due to the 
activity of microorganisms. The more rapid diffusion of CaCl, permits equi- 
librium to be reached much sooner than with sugar solutions. 








LEVITT: ACTIVE WATER ABSORPTION 519 


BENNET-CLARK ef al. do not mention whether or not they determined the 
freezing point lowerings of the sugar solutions used. If the osmotie pres- 
sures were simply calculated from the concentration, the plasmolytie values 
are almost certain to be high. 

The wide spread in their plasmolytic values for different cells of the same 
root may indicate some factor such as adhesion or simply too great a varia- 
bility between cells to obtain an average for the whole tissue from the 100 
cells examined. The author always found it possible to distinguish three 
solutions: a hypertonic solution producing slight plasmolysis in all the cells; 
an isotonic solution producing incipient plasmolysis in about half the cells; 
and a hypotonic solution producing plasmolysis in few or none of the cells. 
The isotonic solution usually differed from the other two by about 4 atm. 

There are several other possible explanations. The smaller samples used 
by them to determine the freezing point lowering of the juice may have intro- 
duced larger errors because of the condensation of moisture on the cold 
tissues or due to inability to express a large enough fraction of the juice from 
such small samples to be representative (the first fraction would be more 
dilute). Thus their results varied from 0.67 to 0.83° C. for six different 
cylinders obtained from the same beet. The variations in our results for six 
different beets were only half as great. 

Thus there are many sources of error, the sum total of which might con- 
ceivably lead to large differences such as were obtained by BENNET-CLARK 
et al. That these differences are not real is indicated by thermodynamic 
calculations, by our failure to obtain them, and by the great variability in 
the results obtained by BENNET-CLaARK et al. 

Mason and Puts (14) assumed that the juice expressed from living 
leaves was the vacuolar sap and that remaining in the leaves was proto- 
plasmic. On the basis of this assumption, they found that the O.P. of the 
*‘vacuolar sap’’ of cotton leaves was 2.4 atms., that of the ‘‘ protoplasm”’ 
19.3 atms. They concluded that the difference represented a ‘‘secretion 
pressure. ”’ 

Mason and PHI.uis used the blades of cotton leaves freed of large veins. 
The cells are mainly cylindrical and not more than 100, long by 20, in 
diameter. From these dimensions, the specific area (A) is 2200 em.?/gm. 
Consequently from equation (5) 

S = 8.1 x 10° gm. glucose/gm. tissue /hr. 
From Mason and PHILLIS’ own measurements of the respiration rate, it can 
be calculated that 0.088 gm. dextrose were respired/100 gm. tissue/hr. ; i.e., 
the actual rate of respiration is about ;4y as rapid as would be required to 
maintain the negative diffusion gradient even if all the respiratory energy 
released were used for this sole purpose. 

The fantastically high amount of energy that would have to be expended 
by the protoplasm in maintaining this negative diffusion gradient makes it 
quite clear that MAson and Puuuuis’ ‘‘vacuolar’’ and ‘‘ protoplasmiec’’ frae- 
tions are in no way related to the true vacuolar and protoplasmic components 
in the living eell. 
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Mason and PHILLIs postulated that the pressure produced protoplasmic 
*‘fissures’’ which allowed the passage of unaltered vacuolar sap through the 
protoplasm. They give no reason for this hypothesis other than that it fitted 
in with their other assumption that the sap is unaltered by passage through 
the living cells. The fact that the concentration of the juice remained con- 
stant as the pressure was increased indicates that no such fissures developed, 
since they would enlarge with the increased pressure. Furthermore; since 
it required pressures of 400 atms. (6000 lb./in.*) to obtain the expressed 
juice, and since the living cells plasmolyzed in a solution with an O.P. of 
22.8 atms., it is inconceivable that these pressures should fail to force water 
through the unaltered plasma membrane. Consequently, their ‘‘ vacuolar 
sap’’ was really almost pure water which they had filtered through the 
plasma membrane. 

Using two methods of calculation (both based on the assumption that the 
liquid expressed from living tissues represents vacuolar sap) they conclude 
that the cell consists of 70% protoplasm and 30% vacuole. 

CHIBNALL (5) gives analytical values for spinach leaves from which these 
fractions can be calculated. The total protein N varied from 2.9-3.8% of 
the dry weight during a perioc a which the dry weight varied from 16-11% 
of the fresh weight. On a fresh weight basis, this gives a value of 0.45% N. 
But only 4 of this was cytoplasmic N, the rest being chloroplast N. And since 
the cytoplasmic protein had an N content of 16.25%, the amount of cyto- 
plasmic protein was therefore 1.385 gm./100 gm. fresh tissue. From analyses 
of the protoplasm of many organisms, it has been found that it contains 
7-10% protein (19). This gives a value of 19.8-13.85 gm. cytoplasm /100 
gm. fresh tissue. The cytoplasm of spinach leaves therefore cannot occupy 
more than 3-4 of the cell volume. The true value is likely to be even lower 
than this sinee, in view of the high O.P. of leaf cells, the cytoplasm of leaves 
is undoubtedly less highly hydrated than that of the slime moulds and ani- 
mals on which the 7—10% value is based. 

Whether or not the same values would be obtained with cotton leaves, we 
cannot say. MAsKELL and Mason (13) give N values of 1% of the fresh 
weight for cotton leaves, which is double the value used above. However, 
this represents total N, which must be considerably higher than protein N. 
The values for cotton leaves are therefore probably of the same order as those 
for spinach. 

Observational methods also show quite clearly that their calculated re- 
sults are inerror. They claim to have observed that the protoplasm occupies 
more of the cell than does the vacuole. To check on their observations, the 
author vitally stained sections of cotton leaves with neutral red. As in most 
leaves, practically the whole protoplast stained, the cytoplasm forming an 
almost invisible layer around the stained vacuole. 

Every experimental value obtained by them gives further evidence of 
their misinterpretation. Thus the expressed juice had a pH of 7.0 to 7.2, the 
residue 5.7. Since protoplasm is known to have a pH about 7.0 (8) and 
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vacublar sap is always acid [usually below pH 6 (18)| the above fractions 
cannot be vacuolar sap and protoplasm respectively. 

BENNET-CLARK et al. (2) used Mason and Puruis’ method to éxpress 
juice from léaves containing colored vacuolar sap. The presence or absence 
of color in the expressed juice enabled them to judge whether or not they 
obtained vacuolar sap. When the pressures were applied gradually, the 
expressed juice was colorless. This juice was therefore almost pure water, 
filtered through the semi-permeable protoplasm layers. When, however, the 
leaves were subjected to sudden large increments of pressure, the expressed 
juice was strongly colored and had considerably higher osmotic values (7.86 
atms. for Fagus sylvatica when 156 atms. pressure was suddenly applied; 
8.75 atms. when 174 atms. pressure was applied gradually). Juice expressed 
from the killed residue (frozen in dry ice) was less intensely colored in the 
ease of Fagus sylvatica and had higher osmotic values. BENNET-CLARK et al. 
conclude that Mason and Puituis’ interpretation is correct when pressures 
are applied suddenly ; i.e., the juice from live tissue represents vacuolar sap 
and that from the killed residue cytoplasmic sap. They also accept Mason 
and PHILLIS’ concept of protoplasmic ‘‘fissures,’’ through which the sap 
supposedly passes unaltered. : 

On the basis of these assumptions, they obtained differences of 6-19 atms. 
between the osmotic pressures of the ‘‘cytoplasmic sap’’ and ‘‘ vacuolar sap.”’ 
These results are of the same order as those of MAson and PHILLIS; conse- 
quently, the amount of energy required to maintain the negative diffusion 
gradient is again fantastically high. 

The reasons for their interpretation are not given. It is obvious that if 
water can be filtered through the protoplasm when pressures are gradually 
applied (which BENNET-CLARK et al. proved), it will also be filtered through 
the protoplasm if those same pressures are suddenly applied. If the sudden 
application of pressure should produce protoplasmic ‘‘fissures’’ small enough 
not to injure the cells, then the expressed juice would be a mixture of un- 
altered or relatively little altered sap and filtered sap. The greater the pres- 
sure applied, presumably the greater the proportion passing through the 
fissures. Increased pressures would then result in increased osmotic pres- 
sures which is precisely what BENNET-CLARK et al. obtained. The mere fact 
that successive fractions always gave higher O.P. values is proof that they 
did not obtain unaltered vacuolar sap. The juice expressed from killed 
residue must therefore have a higher O.P. than that pressed from the live 
tissue. This result is in no way connected with the O.P. of the vacuole and 
cytoplasm respectively. 

Since they never expressed all the juice (total amounts from 28 to 72% 
of the fresh weight were obtained) it is obvious that the average O.P. of all 
the expressed fractions would have to be considerably lower than that of the 
normal cell. Here again, this is simply due to the partial filtration of the 
juice and there is no need to seek any other explanation of the fact that 
plasmolytiec values were higher than these averages. 
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It is interesting to note that of the six species tested by them, only one 
(Fagus sylvatica) gave higher concentrations of anthocyanin in the juice 
expressed from the living leaves than from the killed residue. In spite of 
this, BENNET-CLARK et al. conclude that the former represents vacuolar sap, 
the latter protoplasmic sap. 

The above calculations prove that due to the enormous specific surface of 
the cell and its very high permeability to water, the living cell is unable to 
maintain a diffusion gradient of several atmospheres between the protoplas- 
mic water and vacuolar water. In the case of the beet tissue used by BENNeEt- 
CuaRrK et al., a gradient of 1 atmosphere would require fully 1/60 of the total 
maximum respiratory energy released under temporary stimulation or 1/30 
when respiration is at the normal rate. In the case of the cotton leaves used 
by Mason and PuHi.uis, 1/30 of the total respiratory energy released would 
be just sufficient to maintain this same 1 atmosphere gradient. Since so 
many other energy-consuming processes are simultaneously taking place in 
the cell, it is doubtful if this large fraction could be so used, and we can 
conclude that the energy available is ceftainly incapable of maintaining a 
diffusion gradient of more than 1 atm. between the cell sap and protoplasm. 
Since, however, the energy needed is directly proportional to the square of 
the gradient (equation 4) enough would be available to maintain a gradient 
of a fraction of an atmosphere. Whether the mechanism for this process 
exists in the cell is another question. 

Lyon (12) determined the ‘‘non-osmotic force’’ from the difference be- 
tween the ‘‘caleulated net osmotic pressure’’ and the ‘‘observed net osmotic 
pressure.’’ Aside from the impossibility of obtaining a foree by subtracting 
one pressure from another, it would be less confusing if we compared the two 
calculated values of wall pressure, for it is really these that he is comparing. 
We will avoid the use of LYON’s symbols. 

One value is calculated on the assumption that the wall pressure equals 
the osmotic pressure (O) minus the ‘‘net osmotic pressure’’; i.e., the suction 
pressure (S) or diffusion pressure deficit. We will call this W. 

W.,=0-S (6) 
The other is caleulated on the assumption (not stated by Lyon) that Hooke’s 
law holds for the cell wall; i.e., wall pressure is proportional to wall exten- 
sion ( and therefore approximately to cell volume). We will call this W2. 

Let us assume with Lyon that there is a ‘‘non-osmotic foree’’ producing 
an ‘‘active’’ uptake of water. We will use the symbol A for the pressure 
produced by this ‘‘active’’ uptake. Then 

W,=0+A-S (7) 

On the basis of Lyon’s hypothesis, W, would be the incorrect value, W, 
and W, the correct ones. Therefore W, = Ws. 

But W; > W, (by an amount equal to A). 

Therefore W. > W,. 

Actually Lyon finds that W, > W.; e.g., in table I W, = 10.35 and 
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W,=5.77. It follows that he has no evidence whatsoever for a ‘‘non-osmotie 
force’’ unless it has a negative value; i.e., the water would be pumped out 
of the cell instead of absorbed ! 

This does not, of course, explain why he did obtain such large differences 
between W, and W,. If we consider the assumption on which W, is based, 
it ean be seen that this is valid only if the wall is not stretched beyond its 
elastic limit, for then Hooke’s law does not hold. 

To determine whether or not this is true, the author tested Lyon’s tech- 
nique. Strips of potato tissue (20x 1x1 mm.) were allowed to shrink in 
isotonic dextrose and measured from time to time. At the end of one hour 
(which was found to be sufficient for equilibrium to be reached), the strips 
were transferred to tap water. They were measured at the end of four hours 
(the time used by Lyon) and then returned to the isotonic dextrose. Equi- 
librium was again reached at the end of one hour, but to make sure, the final 
measurements were made after 18 hours. These checked with the ones at the 
end of lhour. The results are shown in table IIT. 


TABLE III 


LENGTH OF STRIPS OF POTATO TUBER TISSUE (AVERAGE OF 6) 








2ND IMMERSION IN 





ISOTONIC DEXTROSE 








WATER 
(0.60 M) ISOTONIC DEXTROSE 
mm, mm, mm, 


20.5 24.5 22.0 





Thus the elastic stretch at the end of 4 hours in tap water was only 62.5% 
of the total stretch. Lion’s value for W, is 56% of the value obtained from 
the classical equation W = O —S, or 58% if he had caleulated wall pressure 
from the increase in length of the strip instead of the increase in volume 
(Hooke’s law refers to a linear stretch). Now if the total stretch were multi- 
plied by 0.625 to eliminate the fraction due to plastic stretch, there would 
be no significant difference between the two values for W. The two percent- 
ages agree well enough, considering that they were obtained with different 
tubers. 

It is obvious, therefore, that wall pressure cannot be calculated on the 
assumption that Hooke’s law holds, unless a correction is made for plastic 
stretch (permanent set). If, however, the cell wall of the normally turgid 
potato tuber cell is not stretched beyond its elastic limit, a correction such 
as made above should be valid. 

If such a correction is made, it should be possible to determine the true 
value for A in equation (7). But does this quantity A really represent the 
postulated pressure due to ‘‘active’’ absorption of water? It must be remem- 
bered that the quantity O represents not the osmotic value of the cell sap but 
of the living protoplast, since it was determined by the method of minimum 
cell volume. Consequently, any pressure due to active absorption of water 
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is included in this quantity. Any further work along the lines attempted by 
Lyon will therefore fail to shed light on the problem of ‘‘active’’ water 
absorption. 

In contrast to the above investigators, vAN OVERBEEK (15) has produced 
strong evidence to show that the root pressure of a growing tomato plant is 
partly due to non-osmotie forces. He obtained small negative diffusion 
gradients (1-14 atms.) between the osmotic pressure of the xylem exudate 
and the suction pressure of the roots surrounding it. These differences were 
obliterated by KCN. The plants used were growing actively and therefore 
were in a high state of metabolic activity. The area across which the gradi- 
ent was maintained was simply the area of the stele or endodermal layer. 


; . 2F ' ; 
The specific surface is 3) where r, = stele radius and r, = root radius. Assum- 


r 

ing the ratio ee ee has a value of about 4, the specific surface is there- 
root radius 

fore 0.22 em.?/em.* root tissue. This is only 1/1000—1/10,000 that of the 

tonoplast specific surface calculated above. 

From equation (5), we can calculate that the amount of sugar that would 
have to be respired in order to maintain the negative gradient in VAN OvER- 
BEEK’s experiments is 2.82 x 10°° gm./gm. tissue/hr. 

It would therefore require the energy released by the respiration of 
approximately 0.3 micrograms sugar/100 gm. tissue/hr. to maintain this 
negative diffusion gradient. Thus from the point of view of energy require- 
ment, VAN OVERBEEK’Ss results are well within the realm of possibility. 


Summary 


1. A simple formula is derived for calculating the energy needed to main- 
tain a negative diffusion gradient in plant tissues. 

2. Caleulations reveal that respiratory energy is incapable of maintain- 
ing a negative gradient of more than 1 atmosphere between the osmotic pres- 
sures of the vacuole and cytoplasm of a cell. 

3. A critical examination of the higher values obtained by other workers 
reveals that these values are due to incorrect interpretations. 

4. In absorbing roots, a negative gradient of 1 atm. between the stele and 
the tissues external to the stele could be maintained by the energy released 
from the respiration of 0.3 micrograms sugar/100 gm. tissue /hr. 
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The effect of boron deficiency upon the growth and fruiting of the grape 
under field conditions has previously been reported by the author (9, 10). 
The field investigations led to further studies under controlled conditions ; 

- thus the present paper is concerned with the development of symptoms of 
boron deficiency and the accumulation and translocation of boron in the vine 
under alternating levels of boron nutrition of grape vines in sand culture. 


Methods 


Two-year-old vines of the varieties Catawba, Herbert, Golden Museat, 
and Lindley were planted in 2.5-gallon glazed crocks filled with twenty-mesh 
washed white quartz sand and provided with a drainage hole. On March 23, 
1943, twelve vines of each variety, carefully selected as to uniformity of size, 
were planted one to acrock. The vines were pruned back to two canes, and 
four buds were permitted to develop shoots on each vine. The crocks were 
arranged on a ground plot in the greenhouse in four varietal blocks of twelve 
vines each. 

Two nutrient treatments, hereafter designated as ‘‘plus-boron’’ and 
‘‘minus-boron,’’ were used. The plus-boron solution contained: 170 p.p.m. 
of mono-potassium phosphate ; 590 p.p.m. of calcium nitrate; 148 p.p.m. of 
magnesium sulfate; 5 p.p.m. of iron citrate; 0.91 p.p.m. of manganese chlo- 
ride ; 0.11 p.p.m. of zine sulfate ; 0.04 p.p.m. of copper sulfate; 0.045 p.p.m. 
of molybdie acid ; and 0.5 p.p.m. of boron from boric acid. The minus-boron 
solution was identical in composition except for the omission of boron. The 
pH of the solutions was adjusted to approximately 6.0 by the addition of 
sodium hydroxide. The nutrient solutions were applied by flushing each 
erock with 500 ml. of the solution three times a week. On other days the 
plants were given distilled water. 

The plus-boron and minus-boron treatments were applied to alternate 
vines in each varietal block. Seven weeks after planting, three of the plus- 
boron Golden Muscat vines were changed to minus-boron treatment and 
three minus-boron vines were changed to plus-boron treatment. A week later 
a similar change was made with the Catawba and Herbert vines. The nutri- 
ent-sand culture seemed well adapted for grapes since the plus-boron vines 
exhibited vigorous, normal foliage and each vine made a total shoot growth 


1 Scientific Paper no. A176. Contribution no. 2077 of the Maryland Agricultural 
Experiment Station (Department of Horticulture). 
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of ten to fifteen feet by the end of three months which is comparable to good 
field growth in the first season after planting. 

Estimation of boron was made by the quinalizarin method (6). Since 
determinations of boron content of the vines under field conditions (10) had 
shown rather extreme differences existing in various parts of the vine; four 
classes of material were sampled for analysis: (a) lower leaves, consisting of 
mature leaves toward the base of the cane usually including the second to 
fourth leaves; (b) upper leaves, consisting of the four or five young, smaller 
leaves at the end of the shoot; (c) lower stem, the portion subtending the 
lower leaves; and (d) upper stem, that portion subtending the upper leaves. 
The upper leaves of class (b) were in actively growing condition in all nor- 
mal plus-boron vines but were much older and apparently had ceased growth 
in the boron-deficient vines. All leaf samples included the petiole. Material 
from the three vines constituting a nutrient treatment were composited to 
form asample. Al!l samples were taken at the conclusion of the experiment 
(three months after planting) with the exception of a series taken from the 
Catawba and Herbert vines at the time of changing from plus to minus and 
from minus to plus boron nutrition. 


Results 
DEFICIENCY SYMPTOMS 


The first evidence of symptoms of boron deficiency were observed about 
one month after growth commenced. At this time the plus-boron Catawba 
vines had made a total shoot growth of about 120 em., the Golden Muscat 
vines 70 em., the Herbert vines 110 em., and the Lindley vines 155 em. The 
symptoms in the early stages were exhibited as (a) a diffuse yellowing or 
chlorosis of the younger leaves ; (b) brownish, water-soaked areas developing 
in the apical tendrils; and (¢) cupping of the third or fourth leaf from the 
shoot tip. The exact order of appearance of these symptoms varied among 
the varieties. The Golden Muscat vines first showed chlorosis while with the 
Catawba and Herbert vines, the water-soaked areas on the young tendrils 
appeared first. Later stages of the deficiency consisted largely of a progres- 
sive worsening of the earlier symptoms shown on the leaves and tendrils. 
The leaves became more cupped and rugose, the chlorosis developed between 
the veins, and, in extreme cases, entire areas of the leaf became necrotic. 
The tendrils developed transverse cracks and later died back from the tips. 
Death of the terminal bud, a well-recognized symptom of boron deficiency 
with many plants, did not occur until the leaf and tendril symptoms were 
quite advanced ; finally, however, the terminal bud died and abscissed. 

The apical internodes of the deficient vines were much shorter than those 
of the normal vines. All of the affected parts exhibited abnormal rigidity 
and brittleness. Young leaves appearing after the onset of the deficiency 
were often misshapen and malformed, and deeply-lobed with a cut-leaf effect. 
Deficiency symptoms did not develop on the lower leaves of the vine, even 
though the terminal parts were extremely affected. On rapidly growing 











528 PLANT PHYSIOLOGY 


shoots of the grape, the fifth or sixth leaf from the tip was the oldest leaf to 
show boron deficiency and, on these, symptoms were usually confined to 
marginal chlorosis only. This is illustrated in figure 1, which shows the 
entire growth produced by a minus-boron Lindley vine. The three lower 
leaves showed no evidence of deficiency symptoms even though the extreme 
symptoms at the tip had developed a month before the photograph was taken. 





Fie, 1. A Lindley grape vine grown under minus-boron nutrition in sand culture. 
Note that the lower leaves show no evidence of deficiency even though growth had ceased 
and terminal symptoms were severe a month before the photograph was taken. 


Apparently the symptoms are developed only in those parts which are in 
active meristematic condition at the time of occurrence of the deficiency. 


EFFECT OF ALTERNATING NUTRIENT SOLUTIONS 


The vines which were changed from plus-boron to minus-boron culture 
and those changed from minus-boron to plus-boron will be referred to respec- 
tively as plus-minus and minus-plus boron vines. The minus-boron Golden 
Muscat and Catawba vines showed extreme symptoms at the time of change. 
Ten days after application of boron these vines gave evidence of recovery 
and in fifteen to twenty days the new growth was developing normally. 
Since the terminal bud had abscissed on these varieties, several lateral buds 
were forced, giving a bushy appearance to the canes when growth was re- 
sumed. A similar condition has been noted in the vineyard (9) and termed 
‘‘witch’s broom.’’ The Herbert vines showed only the first stages of defi- 
ciency at the time of changing from minus to plus boron culture. The termi- 
nal buds of these varieties resumed growth. In all instances leaves of the 
minus-plus vines which showed deficiency at the time of changing to the plus- 
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boron solution retained all of those symptoms even though the new leaves 
were normal in growth and appearance. The occurrence of deficiency symp- 
toms on the older leaves of a vine therefore would not necessarily indicate 
a boron deficiency existent in the vine at the time of observation. 

The plus-minus boron vines were much slower in developing evidence of 
deficiency than the minus-plus vines were in recovering from the deficiency. 
The plus-minus Golden Muscat vines showed tendril necrosis twenty-five 
days after the change of treatment. A week later the symptoms had pro- 
gressed to an advanced stage. The Catawba and Herbert plus-minus vines 
were even slower in exhibiting evidence of the deficiency, the first symptoms 
appearing in thirty days. 

GROWTH OF VINES 


Weekly measurement of the canes of each vine throughout the course of 
the experiment gave an opportunity to correlate linear growth with develop- 
ment of boron deficiency symptoms in the several treatments and varieties. 
Since a deficiency of boron affected primarily the apical meristematic areas, 
it is quite evident that the deficient vines should show a distinct curtailment 
of linear growth. The linear growth of the vines and the weight of the 
growth produced are given in table I. These data show the much greater 
growth of the vines in the plus-boron culture, and the effect on the total 
growth caused by the alternating conditions of boron nutrition. The shoot 
growth and weight of the minus-plus vines indicate clearly the recovery of 
the vines after boron was added to the culture solution. Conversely, the 
growth of the plus-minus vines shows the depressing effect of the omission of 
boron from the culture solution during the last month of the test. 

Since it is of importance to recognize the earliest exhibition of a nutrient 
deficiency rather than the extreme symptoms, it is of interest to know if the 
growth rate of the canes of the vines was affected prior to the appearance of 
definite observable symptoms. Such a condition was observed (data not pre- 
sented) in the case of the Golden Muscat and Lindley vines, in which there 
was a distinctly lower growth rate for one or two weeks before any foliar 
symptoms were apparent. 


BoRON CONTENT OF THE VINES 


The boron content, expressed in parts per million on a dry weight basis, 
of all parts of all varieties receiving boron in the nutrient solution was much 
higher than that of comparable parts of vines not receiving boron (table IT). 
This difference was especially pronounced in the concentration of boron in 
the leaves, with the plus-boron leaves having three to six times as much boron 
as the minus-boron leaves. The plus-boron vines showed a much greater 
concentration of boron in the leaves than in the subtending stems. In the 
minus-boron vines the differences in boron content between the leaves and 
stems was insignificant, indicating an equalization of concentration in the 
parts of the boron deficient plants. The boron content of the plus-boron 
vines ranged from 56.8 to 146.0 p.p.m. in the leaves and from 29.0 to 41.4 
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p-p.-m. in the stems. The boron content of the minus-boron plants ranged 
from 10.8 to 27.0 p.p.m. in the leaves and from 20.4 to 23.9 p.p.m. in the 
stems. It should be pointed out that the lower and upper leaves of the 
minus-boron Catawba and Herbert vines had a similar boron concentration, 
although the lower leaves were entirely normal in appearance while the upper 
leaves had exhibited advanced stages of boron deficiency for a prolonged 
period previous to sampling. 

The boron content of those vines in which there was an alternation of 
boron nutrition is also given in table II. The withdrawal of boron from the 
culture solution resulted in greatly decreased boron content of both upper 
and lower leaves, when compared to the continuous plus-boron culture. Here 


TABLE II 


THE BORON CONTENT OF GRAPE VINES AFTER THREE MONTHS’ GROWTH 
IN GREENHOUSE SAND CULTURE 














Ponvent BORON ON OVEN-DRY WT. BASIS 
TREATMENT OF VINE ape | 
GOLDEN 
ANALYZED CATAWBA | HERBERT | ara LINDLEY 
p-p.m. p-p.m. | p.p.m. p-p.m. 
Continuous plus-boron, Lower leaves 77.4 119.6 123.3 87.8 
Mareh 23—June 23 Upper leaves 93.3 146.0 56.8 109.2 
Lower stem | 29.3 29.0 
Upper stem | 41.1 41.4 
Continuous minus-boron, | Lower leaves | 27.0 24.4 12.7 21. 
March 23—June 23 Upper leaves 23.4 23.6 15.8 10.8 
Lower stem | 22.6 20.4 
Upper stem | 21.6 23.9 
Plus-boron until May 21, | Lower leaves 35.8 | 35.8 42.2 | 
minus-boronthereafter* | Upper leaves | 26.3 31.7 16.9 | 
Lower stem | 39.0 25.0 
7 | _ | 
Upper stem | 44.1 25.2 
| | 
Minus-boron until May 21, | Lower leaves 152.4 90.9 46.3 
plus-boron thereafter* Upper leaves | 60.6 | 105.3 45.3 
Lower stem | 41.1 28.3 
Upper stem | 65.8 | 47.3 





* Golden Muscat vines changed in treatment May 13. 


again, there is apparently a tendency toward equalization of boron concen- 
tration in the various plant parts under conditions of a low boron nutrition 
level. With addition of boron to the culture solution, the boron level of the 
minus-plus vines closely approached or even exceeded that of the continuous 
plus-boron vines at the end of the test. It will be noted that the lower leaves 
and stems of the minus-plus vines had a boron content greatly in excess of 
that in the continuous minus-boron vines, indicating a build-up of boron in 
these tissues after the inception of the plus-boron nutrition. 

Thus far, only comparative boron levels of the several treatments at the 
end of the experiment have been presented. Since with Catawba and Her- 
bert, canes were removed for sampling at the time of change of treatment 
from plus to minus boron nutrition and vice versa, there is opportunity to 
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compare the boron content of these plants at the time of change and a month 
later at which time the effects of the change of treatment were apparent in 
the foliar development. The differences in boron level of the leaves and 
stems brought about by the alternation of boron nutrition is shown graphi- 
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Fig. 2. Effect of changing from plus-boron to minus-boron nutrition upon the boron 
content of shoots of the grape. Treatments changed May 20th. 


eally in figures 2 and 3. In general the previous data are substantiated. 
The change from a plus-boron to a minus-boron nutrient culture resulted in 
a much lower boron content of both lower and upper leaves although the 
stems showed slight change in boron level. The addition of boron to the 
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Fig. 3. Effect of changing from minus-boron to plus-boron nutrition upon the boron 
content of shoots of the grape. Treatments changed May 20th. 


nutrient solution caused a great increase in the boron level of the vines grown 
previously in a minus-boron culture, with the highest level attained in the 
leaves. 
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Discussion 


The data on growth measurement and boron content of the grape vines 
grown in the sand culture experiments contribute information on two prob- 
lems of boron nutrition of plants concerning which there is found contro- 
versial or inconclusive statements in the literature. These problems involve: 
(a) the relationship between boron content of the plant and deficiency symp- 
toms; and (b) consideration of the mobility or retranslocation of boron 
within the plant. 

It has been found that plants exhibit luxury consumption of boron in the 
presence of an adequate supply, building up a content far above any critical 
level (8). Also Batser (1) has found that the difference in boron content 
between normal and boron-deficient apple fruits may be very slight. Such 
findings and other factors present difficulties in an attempt to establish a 
definite relationship between the boron content of the plant and apparent 
deficiency symptoms. It is clear that in a boron-deficient grape vine the 
basal leaves, which are normal to all outward appearances, may be just as 
low or lower in boron than the upper leaves which may show extreme symp- 
toms. Likewise, leaves with extreme boron symptoms may have a boron 
content equal to that of normal leaves if samples are analyzed following a 
period of adequate boron nutrition. Such apparently contradictory results 
are logical if it is assumed that only those leaves which are in actively meri- 
stematic condition can develop deficiency symptoms; that boron deficiency 
symptoms in mature leaves does not disappear when boron nutrition is re- 
sumed, although the leaves may increase greatly in boron content. 

The above findings are pertinent to the problem of sampling and analysis 
of plants for the purpose of diagnosing boron deficiencies in the field. The 
boron content of mature leaves showing deficiency symptoms may in no wise 
indicate a below-minimum boron level, if the plant had had access to an 
adequate supply of boron just previous to sampling. The seasonal nature 
of the oceurrence of boron-deficiency symptoms under vineyard conditions 
shown by the author (10) presents a situation regarding boron nutrition of 
the vine not dissimilar to that established in the alternation of boron nutri- 
tion in sand cultures. Thus there were found in the vineyard, shoots of the 
current season’s growth exhibiting symptoms of boron deficiency on the basal 
and terminal leaves but with normal leaves in the medial portion. 

The definite tendency for the vines to exhibit equalization of boron con- 
centration under low-boron nutrition may possibly serve as a diagnostic 
index in the attempts to correlate deficiency symptoms with boron levels in 
the plant. 

There seems to be a rather general agreement in the literature concerning 
the immobility of boron within the plant tissue and the subsequent need of a 
continuous supply furnished by the nutrient substrate for the maintenance 
of growth (3, 7, 18,15). Suive (11) concluded that plants of tobacco and 
cotton cannot build up an available reserve of boron in their tissues which 
will sustain normal development during a later deficiency of this element. 
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However, SHIVE in a later paper (12) ; gives evidence of a portion of the 
boron within the plant existing in a mobile state by finding 28.7% of the 
boron in Vicia faba and 78.4% of the boron in the corn plant in the expressed 
sap of the tissues. 

Certain of the results in the present experiment can be used as evidence 
concerning the mobility and transfer of boron in the current season’s growth 
of the grape vine. The growth habit of the vine makes the grape peculiarly 
adaptable for such studies. In so far as the initial growth of the vines in the 
minus-boron treatment is concerned, it is impossible to definitely ascertain 
whether this growth utilized reserve boron in the roots and stem of the two- 
year-old vine or whether some boron was available in the sand culture media. 
However, it seems unlikely that the sand, after being thoroughly washed and 
leached at the beginning of the experiment, would provide available boron 
for the heavy initial growth which occurred for about thirty days before 
symptoms of deficiency were observed. Other workers have noted similar 
results. WEINBERGER and CULLINAN (14) working with one-year-old peach 
trees cut back to a single bud, obtained normal growth for a period of about 
six weeks in a minus-boron sand culture. JOHNSTON and FisHer (5) found 
that tomato plants upon removal to a minus-boron nutrient water culture, 
continued in growth for a period of about three weeks. It must be assumed 
that this growth necessitated the utilization of boron present in tissues laid 
down before the change in nutrient conditions was effected. 

The relatively delayed appearance of deficiency symptoms after changing 
from a plus-boron to a minus-boron nutrition in the present experiment also 
suggests that there was utilization and transfer of reserve boron. It is inter- 
esting, and perhaps suggestive, that the period from the time of withholding 
boron from the nutrient solution until the appearance of deficiency symp- 
toms, closely approximated the period from growth inception after planting 
until the initial symptoms of deficiency. Furthermore, the actual amount 
of cane growth made by the vines during these two periods was not greatly 
different. 

More definite evidence of boron transfer within the vine is afforded by 
the analyses of the different parts of the vines of the several treatments. In 
all instances there was a definite reduction in boron content of the lower 
leaves on the canes of vines which were changed from plus-boron to minus- 
boron nutrition. Since these leaves were mature and inactive in growth at 
the time of change of treatment, their greatly lowered boron level could be 
explained only by assuming a transfer of boron to the upper and active meri- 
stematic regions. Since the stems of the plus-boron vines were as high in 
boron as the stems of the continuous boron vines, it follows that the leaves 
served largely for storage of reserve boron. This also would be assumed from 
the fact that the leaves of the vines built up a much higher content of boron 
under plus-boron nutrition than did the stems. 

The apparent equalization of the boron level in various parts of boron- 
deficient vines of the plus-minus series may also be accounted for on the 
basis of transfer, since it was shown that a differential existed in these plants 
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before the deficiency developed. Although there is clear evidence that trans- 
fer of boron does occur, and that therefore it can be assumed that the boron 
in the grape vine is in a mobile state, it is likewise clear that transfer from 
the lower leaves can take place only when the boron content in these leaves 
is above a certain level. Boron present in the leaves at this critical level, 
which was about the same for the three varieties, presumably may be con- 
sidered to exist in an immobile state insofar as transfer, adequate to maintain 
normal growth at the growing point, is concerned. Calculated on the basis 
of analyses of the continuous plus-boron vines, about two-thirds of the total 
boron in the lower leaves of Herbert and Catawba, and about half of that in 
Catawba, was transferred during the thirty-day period of minus-boron nutri- 
tion in the plus-minus treatment. Of course, the percentage of the total 
boron present in the mobile state would be greatly dependent upon the 
degree of ‘‘luxury’’ consumption and reserve accumulation of boron that 
has taken place. 

Study of boron transfer within the plant by analysis of the plant parts 
was also made by BRANDENBURG (2) with the sugar beet. He found that 
when the boron supply was interrupted, the new leaves of the sugar beet were 
very low in boron content; the older leaves, formed while the boron supply 
was plentiful, retained the normal amount of boron. This result is in direct 
opposition to the present findings with the grape, in which the older leaves 
lose boron as the younger leaves are developed under minus-boron nutrition. 
It is conceivable, as suggested by Eaton and Buatr (4), that the organic 
form of boron in the tissue of different species of plants may be greatly differ- 
ent, resulting in a widely varying percentage of the boron present in soluble 
or mobile form. 

From the data presented herein on the analyses of the plant parts and 
on the growth of the vines in the several treatments, it seems logical to con- 
clude that there was a definite transfer of boron from the lower mature leaves 
on the cane of the grape upward to the terminal actively growing parts, and 
that the amount thus transferred was sufficient to maintain normal growth 
of the cane for a limited period, or until the lower leaves were depleted of 
boron to a certain level. With regard to the findings of other workers on the 
question of mobility of boron within the plant, it would seem more accurate 
to interpret their results on a quantitative basis. It is undoubtedly true 
that a plant cannot store sufficient boron to maintain normal growth for an 
indefinite period, but this is equally true of other plant nutrients. The con- 
clusion of JOHNSTON and FiIsHeEr (5) to the effect that the boron in the plant 
cannot be used over again and, therefore, must not be considered in the 
nature of a catalytic agent in plant growth, must be accepted. Their conelu- 
sion, however, that boron is fixed in an immobile state in the plant definitely 
does not hold true for the grape. 


Summary 


1. Grape vines grown under minus-boron sand culture nutrition in the 
greenhouse, developed boron deficiency symptoms thirty days after inception 
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of growth. These symptoms were similar to those previously found under 
field conditions, 

2. Boron-deficient vines resumed normal growth within ten days after 
changing to plus-boron nutrition. Normal vines changed to minus-boron 
nutrition continued to grow normally for 25 to 30 days before symptoms of 
the deficiency were apparent. 

3. Only those leaves that were in a meristematic condition at the time of 
development of the deficiency showed deficiency symptoms. The older basal 
leaves on boron deficient vines remained normal in appearance even though 
the terminal leaves exhibited extreme symptoms. 

4. In plus-boron vines the boron content of the leaves ranged from 57 to 
146 p.p.m. and that of ‘the stems from 29 to 41 p.p.m. In minus-boron vines 
the concentration of boron was more or less equalized in all parts of the vines 
at levels of approximately 20 to 25 p.p.m. 

5. Vines changed from plus-boron to minus-boron nutrition showed defi- 
nite lowering of the boron content in the lower mature leaves on the shoot to 
a point approaching the boron level of continuous minus-boron vines. Co- 
incident with the decrease in boron in the lower leaves was the continued 
growth in length of the shoots for about 30 days after change of nutrition. 

6. A diseussion is presented concerning the problem of mobility and 
retranslocation of boron within plant tissues. 


MARYLAND AGRICULTURAL EXPERIMENT STATION 
COLLEGE PARK, MARYLAND 
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It is noteworthy that the great amount of study devoted to the element 
potassium has revealed but little definite information as to its specific fune- 
tion in plants. One of the difficulties in assigning a definite role to potas- 
sium in plant metabolism is the fact that potassium is not known to occur 
in any definite organic compounds except salts of organic acids and proteins. 

Miter (4) has reviewed the work on the physiological role of potas- 
sium in plants, showing that the literature contains many conflicting re- 
ports. There appears to be no agreement on the function of potassium in 
either carbohydrate or protein metabolism. Some investigators, particu- 
larly the English workers (3, 9), have emphasized the importance of potas- 
sium in the formation of carbohydrates while others (6, 13) have reported 
that a deficiency of potassium results in an accumulation of carbohydrates. 
NigHTINGALE (5) and Wau (13) have summarized the various investiga- 
tions on the effect of potassium on nitrogen metabolism and, on the basis of 
their own work as well as that of others, concluded that potassium plays a 
prominent part in protein metabolism although adequate evidence of its 
specific function in such processes has not yet been obtained. 

Potassium deficiency of the tung tree (Aleurites fordii), widespread in 
northern Florida and southern Georgia, is one of the major nutritional prob- 
lems of that important tung-growing area (1). Preliminary field trials in 
a 4-year-old orchard have shown that the application of potassium fertilizers 
corrected the symptoms of interveinal chlorosis and necrosis associated with 
potassium deficiency (7). These plots provided an opportunity for investi- 
gating the effects of potassium deficiency on the metabolism of the tree, par- 
ticularly with regard to oil formation. The effects of a supplementary 
nitrogen treatment were also investigated. 


Materials and methods 


In August 1941, 4-year-old trees were selected in a potassium-deficient 
area near Capps, Florida, and grouped on the basis of the severity of potas- 
sium-deficiency symptoms so that comparable plots were obtained for each 
treatment (7). Each of the following treatments was applied in the spring 
of 1942 to each of six single-tree plots and was supplementary to a blanket 


1 Soil Technologist, Associate Chemist (resigned), and Associate Plant Physiologist, 
respectively, Division of Fruit and Vegetable Crops and Diseases, Bureau of Plant In- 
dustry, Soils, and Agricultural Engineering, Agricultural Research Administration, U. 8. 
Department of Agriculture. 
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application of 4 pounds per tree of a 3-6-7 mixed fertilizer: (1) none, (2) 
five pounds of potassium chloride, (3) four pounds of sodium nitrate, and 
(4) three pounds of potassium nitrate. On each of three sampling dates, 
two composite leaf samples were taken from the trees of each treatment, one 
from replications 1, 2, and 3, and another from replications 4, 5, and 6. In 
compositing the leaf samples, 25 midshoot leaves were taken from each tree, 
thus making a total of 75 leaves per sample. Analogous composite fruit 
samples comprising five fruits from each tree were taken in the same manner 
and at the same time. Both leaf and fruit samples were obtained on June 
26,? August 13, and October 21 to correspond with the respective periods (I) 
just preceding synthesis of oil in the kernels, (11) midpoint of active oil 
formation, and (III) maturation of the kernel, as indicated by previous 
studies (11). 

The composite samples of leaves and of fruit were prepared and the 
analyses made essentially as described by Seux et al. (11) with the modifica- 
tions introduced by GILBERT, SELL, and Drosporr (2). In the latter paper 
the methods are given for determining the various nitrogen fractions. The 
following determinations were made on both the leaf and fruit samples: dry 
matter, reducing sugar, non-reducing sugar, starch, acid-hydrolyzable poly- 
saecharides other than starch, potassium, and total insoluble amide, and 
amino nitrogen. As the insoluble nitrogen is largely protein nitrogen, this 
term will be used for convenience in referring to the insoluble nitrogen frac- 
tion. In addition, oil in the kernels and the percentage of kernels in the 
whole fruit were determined. 


Results 
LEAVES 


Data on leaf composition are given (table I). In all tables each value 
represents the average of the analyses of two composite samples. Since the 
original determinations were made in duplicate, the statistical significance 
of the mean differences between treatments and of the interaction of treat- 
ments with the sampling date was determined. Although these data were 
also caleulated on a per plant-part basis, the data thus obtained showed no 
important trends other than those indicated by the percentage data. Conse- 
quently, the data on the per plant-part basis are not presented here. 

First it should be noted that the potassium content was considerably 
higher throughout the season in the leaves of the potassium-treated trees 
than in those not treated with potassium. These differences had high sta- 
tistical significance. Also the nitrogen treatment resulted in a highly sig- 
nificant increase in nitrogen content. This shows that fertilizer treatments 
were effective and that the concomitant changes in the organic reserves of 
the plant are associated with increased potassium and nitrogen due to treat- 
ment. 

Leaf samples collected in June from the potassium-deficient trees showed 


2 Trees treated with 4 pounds of sodium nitrate were not sampled on June 26. 
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more starch and polysaccharides than those from potassium-fertilized trees. 
No visible deficiency symptoms were apparent at that time. By the August 
sampling date, however, the starch in the check trees had decreased mark- 
edly, reaching a level even lower than the earlier level of the potassium- 
treated trees which meanwhile had increased in starch (though this increase 
was not statistically significant). The higher starch content of the potash- 
treated trees in August had high statistical significance. At this time the 
abnormal leaf pattern due to potash deficiency was evident in both the check 
and nitrogen-only treated trees. This coincides with the period when both 
translocation of materials from the leaves to the fruit and oil formation are 
proceeding at a rapid rate. It is noted also that the nitrogen treatments 
effected a highly significant increase in non-reducing sugar at the August 
and October sampling dates. 

Most of the nitrogen in the leaves is present in protein form, the amide 
and amino fractions being present only in small amounts. Tests for am- 
monium and nitrate nitrogen were negative. Therefore the nitrogen treat- 
ment primarily had increased the protein content of the leaves, although the 
inerease in amino nitrogen attained high statistical significance. The potas- 
sium treatment is associated with an increased protein content of the leaves 
over the check at the time of the first sampling, but not in the later periods. 


FRUIT AND ITS COMPONENT PARTS 


Data are presented on the analysis of the kernels (table Il), and on the 
analysis of the hulls (table III). These data together with that on the 
analysis of the shells were combined to give the composition of the fruit as 
a whole (table IV). Shells were included with the kernel fraction at the 
first sampling period because of difficulty of mechanical separation at that 
stage. At other periods the shells were removed from the kernels and ana- 
lyzed separately. Since composition of the shells was found to be quite 
similar to that of the hulls, data for this fraction are not presented except as 
included in the caleulation of the composition of the whole fruit. 

At the time of the first sampling in the latter part of June there was a 
highly significant increase in the percentage of potassium in the fruit, par- 
ticularly in the hulls, due to potassium treatment. The nitrogen treatments 
increased the nitrogen content of the fruit, but to a lesser extent. Nitrogen 
treatments also resulted in a highly significant increase in the protein con- 
tent of both kernels and hulls and in the amino nitrogen content of the hulls. 
At this date the polysaccharides in the kernels from fruit of potassium-plus- 
nitrogen-treated trees were higher than those from trees receiving other 
treatments. However, the polysaccharide content of the hulls was highest 
in fruit from untreated trees. No significant differences due to treatment 
were found in the other carbohydrate fractions. 

At the time of the August sampling, oil formation was well under way 
and the effect of the potassium treatments on increasing the oil content of 


the kernels and the whole fruit was apparent. The increased percentage of 
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oil in the whole fruit resulted from an increase in the percentage of both oil 
in the kernel and of kernel in the fruit. The increased potassium content 
of the hulls (and consequently of the whole fruit) resulting from potassium 
treatment, was even more marked at this stage than at the first sampling. 
Carbohydrate fractions at this time showed no significant differences due to 
treatment. As at the time of the first sampling, protein content of the fruit 
was higher in the nitrogen-treated trees, and this increase had high statis- 
tical significance. Other nitrogen fractions showed no consistent differences 
due to treatment. 

The effect of potassium treatments in increasing the oil content of the 
fruit was pronounced at the last sampling date with fully mature fruit. 
The increase in the percentage of oil in the kernels and in the percentage of 
kernels in the whole fruit from trees receiving the potassium treatments was 
highly significant statistically. The nitrogen treatments resulted in a 
highly significant increase in the protein content of both the kernels and the 
hulls and in the amino-nitrogen content of the hulls. Kernels from the un- 
treated trees were high in non-reducing sugar which had not been converted 
to oil or protein. The potassium treatment without nitrogen lowered the 
sucrose content and increased the oil in the kernels but not the protein, in 
comparison with the check treatment. The nitrogen-alone treatment, on the 
other hand, did not significantly affect the oil content of the kernels but in- 
creased the amount of protein present, thus accounting for the lower sucrose 
content in comparison with the kernels from the check treatment. The 
potassium-plus-nitrogen treatment produced kernels with high oil, high 
protein, and low sucrose content. 

The potassium treatments markedly increased the potassium content of 
the hulls but not of the kernels. Actually there was a trend toward a lower 
potassium content in the kernels as a result of potassium treatment, but this 
decrease did not attain statistical significance. 


Discussion 


The pronounced effect of potassium deficiency on the composition of tung 
fruit is the most striking observation in this investigation. The effect was 
clearly evidenced by the middle of August when oil formation was well 
under way. At that time the potassium-treated trees showed a higher per- 
centage of oil in the kernel and a higher percentage of kernel than did the 
check trees. No significant differences in carbohydrate content were asso- 
ciated with any treatments at this stage. In the mature fruit, however, the 
kernels from the check trees showed an accumulation of sucrose, and this 
was associated with a lower oil content compared to that of the potassium- 
treated trees. 

Since it has been shown that sucrose (10) is the most important carbo- 
hydrate reserve utilized in oil formation in mature tung kernels (11), it is 
logical to assume that this constituent may be considered as the storage form 
alternate to the oil and protein in the seed, accumulating when formation 
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of the other two reserves is checked. This suggests that potassium may 
function in the process of conversion of sugar into oil. The nitrogen-alone 
treatment has also resulted in a lower sucrose content than the check treat- 
ment, but this was associated with an increased amount of protein, the oil 
content remaining about the same. Other more extensive experiments with 
nitrogen fertilization of tung trees (8, 12) have shown that there is actually 
a decrease in the percentage of oil in the kernel with increased nitrogen fer- 
tilization, resulting in kernels with relatively high protein content. 

In addition to effecting an increase in the oil content of the kernel, the 
potassium treatment has also resulted in an increased percentage of kernel 
in the whole fruit in comparison with the check trees, thereby substantially 
increasing the oil content of the whole fruit. These data are in agreement 
with the findings of other investigators (8) and the results of a number of 
other experiments being conducted at the tung laboratories of the Bureau of 
Plant Industry, Soils, and Agricultural Engineering of the U. S. Depart- 
ment of Agriculture. 

With reference to the data on the leaves it would appear that potassium 
deficiency shows two stages. The early stage (June sampling), at which no 
symptoms are apparent, is characterized by an accumulation of starch and 
polysaccharides in the leaves. At the late stage (August sampling), starch 
tends to disappear from the leaves of potassium-deficient trees to a greater 
extent than from the leaves of the potassium-treated trees. At this time 
there is a rapid translocation of materials from leaves to fruit. This physio- 
logical pattern of potassium effects is similar to that found in other plants 
(5, 14). 

Summary 

During the growing season the composition of leaves and fruit of 4-year- 
old tung trees low in nitrogen and potassium was compared with that of 
trees fertilized with these two elements. From these data the following con- 
clusions have been drawn: 

1. The leaf data indicate that potassium-deficient trees show two stages ; 
early in the season starch and polysaccharides accumulate, while later in the 
season they tend to disappear to a greater extent than from potassium- 
treated trees. 

2. Fruit from potassium-treated trees had a higher oil content than fruit 
from untreated trees, due both to a higher percentage of oil in the kernel 
and to a higher percentage of kernel. The low oil content and the accum- 
ulation of sucrose in kernels of potassium-deficient trees suggest that potas- 
sium may function in the process of conversion of sugar into oil. 

3. Fruit from nitrogen-treated trees had a higher percentage of kernel! 
and a higher protein content in the kernel than fruit from untreated trees. 
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VITAMIN STUDIES OF VARIETIES AND STRAINS OF PEAS 
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The importance of garden peas in the diet of the population of this 
country is evidenced by the increasing volume of peas that are commercially 
eanned and frozen each year. The widespread growing of peas for home 
use is an additional factor making the study of their nutritive value all the 
more important. 

It has been shown that peas can supply a considerable portion of some 
of the vitamins in the diet. Fincke ef al. (3) pointed out that the thiamine 
values for 19 varieties ranged from 2 micrograms per gram, on the fresh 
weight basis, for Laxton’s Progress to 7.1 micrograms per gram for World 
Record. In a study involving six varieties PEpKowiTz et al. (8) found 
statistically significant differences between varieties for content of carotene 
and of ascorbic acid, but the magnitude of these differences was very small 
in comparison with other reports for thiamine content. Scorr and BELKEN- 
GREN (10) have shown that the carotene content in peas varied greatly, the 
highest value being over four times the lowest when approximately 78 
strains were compared ; and that the greatest ascorbie acid content was 2.7 
times the lowest. However, in some instances these reported values must 
be assumed to have been based on a single determination and in other cases 
varieties harvested in different years or different locations have been com- 
pared for varietal variation. 

In the present study a number of varieties and strains of peas were grown 
under as nearly identical field conditions as possible over a period of several 
years and the variations in vitamin content studied in detail. 


Methods 


The peas were grown at Charleston, South Carolina in 32-foot rows, 
randomized blocks, or in a simple lattice with 2 to 4 replications. Approxi- 
mately one pound of pods was picked at random along the entire length of 
the row. The peas were brought into the laboratory, shelled, and suitable 
samples were weighed for the various analyses. 

Ascorbie acid was determined according to the method described by 
HEINzE et al. (4). Twentyfive-gram samples were extracted with 1% 
meta-phosphorie acid and the reduction of 2,6-dichlorophenolindophenol dye 
was determined with an Evelyn photoelectric colorimeter. 

Thiamine was determined by a modification of CONNER and STRAUB’sS 
(1) thiochrome procedure. Forty grams of fresh peas were blended with 
approximately 100 ml. of 0.04 N H.SO, in the small-sized Waring blender 
container. The mixture was quantitatively transferred to a 250-ml. pyrex 

548 








HEINZE ET AL.: VITAMINS IN PEAS 549 


volumetric flask with additional 0.04 N H,SO, and heated in a boiling water 
bath for 30 minutes. The contents of the flasks were stirred by rotating 
the flasks every 5 to 10 minutes during the heating period. The flasks were 
cooled to approximately 40° C. and sufficient sodium acetate—acetic acid 
buffer was added to bring the contents to pH 4.5+0.1. Enough taka- 
diastase, papain, and Pectinol enzymes were added to the buffer so that the 
aliquot of buffer placed in each flask would contain 0.1 gm. of each enzyme. 
The solutions were incubated in a water bath over night (16 hours) at 40° 
C., made to volume, and filtered. Aliquots of the filtrate were run through 
the Decalso columns at room temperature and the analysis completed as 
described by CONNER and STRAUB. 

Riboflavin determinations for the 1943 and 1944 harvests were made on 
the filtrate of the enzyme digest according to the method of MAcKINNEy and 
Suemmara (7). In 1945 the determinations were made directly on the fil- 
trate, as described by PETERSON et al. (9). The Coleman Model 12 photo- 
fluorometer was used for reading the final solutions for the thiamine and 
riboflavin determinations. 

Carotene analyses were made as described by WALL and KELLEy (12), 
with some modifications. Instead of adding 100 ml. of 5% sodium sulfate 
solution during the phasic separation, 100 ml. of 30% KOH was introduced. 
The KOH broke the emulsions much more rapidly, produced a sharper inter- 
face, and also removed nearly all of the chlorophyll through saponification. 
The final solution was read in an Evelyn photoelectric colorimeter with 
filter +440. 

Moisture determinations were made by drying approximately 30 gm. to 
constant weight in a foreed-draft rapid-drying oven at 70° C. 


Results 
ASCORBIC ACID CONTENT OF PEAS 

In 1942 thirty-three varieties or strains of peas were grown in a ran- 
domized block experiment in two replicates. The varieties were harvested 
at weekly intervals on three different dates in April, making a total of 6 
analyses for each variety. Varietal means for ascorbic acid content ranged 
from 29.0 to 44.4 mg. per 100 grams, on a fresh weight basis, and the differ- 
ences required for significance were 4.2 mg. and 5.7 mg. at the 5% and 1% 
levels, respectively. Some of these varieties and strains were also analyzd 
in 1944 and 1945. Data for the ascorbic acid content of these 18 varieties 
and strains of peas in 3 different years are presented in table I. 


THE EFFECT OF SIZE AND MATURITY ON VITAMIN CONTENT 


In May, 1943 eight varieties of peas were harvested on the same day. 
The shelled peas from all varieties were in prime condition for eating. 
Screens were used to divide the peas of each variety into three approximately 
equal lots according to size, small, medium, and large. Various degrees of 
maturity or stages of development were represented in the three size lots 
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from each variety. Different screens were used to separate the three lots 
for the naturally small-seeded varieties, Willet’s Wonder and Creole, than 
were used for the large-seeded varieties such as Progress. All lots of each 
variety were analyzed for ascorbic acid, thiamine, riboflavin, and moisture 
content. 

In table II means on a fresh and dry weight basis are given for each of 
the three size lots of peas for all varieties combined. The dry matter con- 
tents for the small, medium and large size lots averaged 20.8, 25.6 and 30.5% 
respectively. On a fresh weight basis significant differences were found 


TABLE I 
ASCORBIC ACID CONTENT OF PEAS IN DIFFERENT YEARS 


| 
| Ma./100 GM., FRESH WEIGHT BASIS 
VARIETY OR STRAIN* 


| 1942 1944 | 1945 
Alah 40.7 37.4 
Hundredfold 35.2 34.6 29.9 
Progress 34.7 36.2 42.6 
Progress x Giant Stride 
762A 36.4 41.6 36.2 
899 36.4 39.6 33.4 
770-5 35.0 41.1 
900 37.1 37.3 
298-6 B-3 29.0 34.2 
898 32.6 33.3 
Progress x Kent Alderman 
591-3-1-1 30.7 35.9 32.9 
902 37.6 41.7 
Progress x World Record 
557-1-13 31.2 36.5 28.4 
772B 34.2 31.9 
Little Marvel x (Thomas Laxton x Phenomenon) 
911 36.9 36.2 32.3 
781-2B 30.9 33.3 32.4 
910 31.0 34.0 
Little Marvel x World Record 775-1B 31.5 3.5 
Phenomenon x Thomas Laxton 318-3B 32.6 30.7 
L.S.D. 5% 4.2 6.5 3.3 
1% D7 8.6 | 


* Numbers represent same strains throughout paper. 


between the several lots in both thiamine and ascorbic acid contents, the 
small size lot averaging the highest ascorbic acid content and the large, the 
highest thiamine content. No significant variation occurred in the amount 
of riboflavin present although there was a slight trend toward a decreasing 
amount with increasing maturity. This trend in riboflavin content is 
brought out more clearly in the figures based on dry weight where a highly 
significant difference exists among the three sizes. On a dry weight basis 
both the riboflavin and ascorbic acid contents rapidly decreased as the peas 
matured. The observed decrease in ascorbic acid content of peas as they 
mature has been noted by other workers (2, 5, 6, 8). The thiamine content 
increased as the dry matter content increased, thus minimizing the differ- 
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ences between lots for thiamine on the dry weight basis. There was no 
significant difference in thiamine content between the medium and large 
size lots on a dry weight basis, but both were significantly lower in thiamine 
than the small size lot. Lee and Wuitcomse (5) have also found that thia- 
mine expressed on a fresh weight basis increased with increasing tenderom- 
eter readings but remained relatively constant, with the exception of the 
most mature lot, when expressed on a dry weight basis. 

The eight varieties of peas analyzed were of different seed types: Willet’s 
Wonder and Creole represented small-seeded types; Progress and several 
breeding lines, large-seeded types; while Wando and strain 802-2 were 
intermediate in seed type. On a fresh weight basis the mean value for 


TABLE II 


THE RELATION OF SIZE AND PERCENTAGE DRY MATTER TO THE VITAMIN 
CONTENT OF GARDEN PEAS* 























as oF aan ce. . 
— THIAMINE | RIBOFLAVIN | DRY MATTER 
FRESH WEIGHT BASIS 
mg./100 gm. | meg./100 gm. | meg./100 gm. | % 
Small 41.7 287 131 20.8 
Medium 33.0 309 122 25.6 
Large 24.7 358 111 30.5 
L.S.D. 5% 2.9 33 2.8 
1% 4.0 45 3.9 
DRY WEIGHT BASIS 
mg./gm. meg./gm. meg./gm. 
Small 2.01 13.72 6.34 
Medium 1.32 11.84 4.90 
Large 0.83 11.60 3.69 
LS.D. 5% 0.18 1.11 0.82 
1% 0.26 1.54 1.13 





* Means of 8 varieties analyzed. 


ascorbic acid for all lots from the small-seeded varieties was 34.9 mg. per 
100 grams; the intermediate varieties, 34.0; and the large-seeded varieties, 
30.4. Ona dry weight basis the mean ascorbic acid contents were 1.29, 1.55, 
and 1.34 mg. per gram, respectively. Because of a higher percentage of dry 
matter in the small-seeded varieties the slightly higher ascorbic acid value 
on the fresh weight basis disappeared when the values were expressed on 
a dry weight basis. Thiamine content appeared to be unrelated to seed type 
of the different varieties. The highest and the lowest variety means for 
thiamine content both occurred in the large-seeded types. Riboflavin con- 
tent does not appear to be related to the seed type although Willet’s Wonder, 
a small seeded variety, averaged the highest riboflavin content. 


GENERAL SURVEY FOR THIAMINE, RIBOFLAVIN, AND ASCORBIC ACID CONTENT 


In 1943 a survey was made on over 100 varieties or strains for general 
information concerning the range of content of the three vitamins, thiamine, 
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riboflavin, and ascorbic acid. 


These data are given in table III. 
strains selected from the various crosses were developed by single-plant 
selections for 4 to 10 generations and many had been carried through addi- 


TABLE III 


VITAMIN CONTENT OF VARIETIES AND STRAINS OF PEAS ON FRESH WEIGHT BASIS, 


VARIETY OR 
CROSS 


Crcole 

Gilbo 
Glacier 
Hundredfold 
Papago 
Perfection 
Perfectah A 
Perfectah B 
Perfeetah, Early 
Phenomenon | 
Progress 
Progress* 
Stratah 
Wando 
Walah 
Willet’s Wonder 
Progress x Giant 





Stride 


Progress x Kent 

Alderman 
Progress x Perfee- | 
tion 


World 


Progress » 
Record 


Little Marvel x 
Wisconsin Early 
Sweet 


Little Marvel x 
World Reeord 


Little Marvel » 
(Thomas Laxton 
x Phenomenon ) 


Giant Stride » 
Sutton’s Excel- 
sior 





Giant Stride » 
World Record 


| 
| 
| 


SAMPLES OR 


as 


STRAINS 
Number | 
2 
2 
1 
3 
2 
2 
3 
9 
] 
2 
2 
] 
4 
2 
5 
§ range 
40 | mean 
§ range 
9 {| mean 
§ range 
4 | mean 
{ range 
l 


mean 


range 
mean 


oe 


~ 
Oe 


range 
mean 


. { range 
{ mean 


range 
mean 


SURVEY 1943 


THIAMINE | 


236-309 


276 
144-234 
194 
242-323 
291 


221-32: 


97 
of 


257-309 
ORG 


366-420 


393 


RIBOFLAVIN 


meg./100 qm. mecg./100 qm, 
328 119 
285 94 
183 97 
268 95 
309 112 
341 82 
246 99 
338 91 
292 90 
477 105 
108 103 
303 84 
357 99 
285 102 
330 92 
336 31 
91-382 78-119 
10 93 


76-99 


92 


97-112 
106 


95-112 
106 
78-93 
R6 
76-99 


92 


76-99 
90 


97-101 
99 


84 


* Derived from Progress crosses and now sold as Progress. 


tional generations as bulk lines. 


having 3 to 4 times the quantity of others. 
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of nearly the same relative magnitude, the highest value being approximately 
twice the lowest value for each vitamin. 

The thiamine content of the 40 strains from the cross Progress x Giant 
Stride ranged from 91 to 382 micrograms per 100 grams on the fresh weight 
basis. This indicated a considerable segregation for thiamine content. The 
Progress parent used in these crosses gave a mean value of 108 micrograms. 
Giant Stride does not thrive under field conditions at Charleston, hence no 
comparable values could be given but reports in the literature indicate that 
it ranks high in thiamine content. The two strains from Giant Stride x Sut- 
ton’s Excelsior were very high in thiamine but were the lowest in ascorbic 
acid of any of the strains analyzed. The Progress x Perfection crosses gave 
the highest values for ascorbic acid. The range in riboflavin content among 
the breeding strains was less than that for ascorbic acid, but the variety 
Willet’s Wonder contained much more than any of the breeding strains. On 
a fresh weight basis the three small-seeded varieties, Creole, Papago, and 
Willet’s Wonder, had a higher mean ascorbic acid content, 37.2 mg. per 100 
grams, than the intermediate types, such as Perfection, the Perfectahs, and 
Wando with a mean value of 32.5, or the large-seeded varieties with 27.6 mg. 
per 100 grams. Again these differences in favor of the small-seeded types 
disappeared when the ascorbic acid values were calculated on a dry weight 
basis. In this survey work the small-seeded types had slightly higher ribo- 
flavin values than the other types when expressed on the fresh weight basis. 


DETAILED STUDIES ON THIAMINE, ASCORBIC ACID, CAROTENE, AND RIBOFLAVIN 
CONTENT 

In 1944 two experiments were designed to study in detail the thiamine, 
ascorbic acid, carotene, and riboflavin content of 34 varieties or strains. In 
the first experiment 22 of the earlier-maturing varieties were used. Six 
harvests were made over a period of 24 days, with 4 harvests of any one 
variety extending over 9 or 10 days. There was such a large variation asso- 
ciated with the wide-spread dates of harvest within single varieties, or 
groups harvested alike, that varietal differences were obscured in the com- 
bined harvest data. It was found that the first harvest of the earlier va- 
rieties and the last harvest of the later ones were distinctly not typical of 
the other three harvests of the respective varieties. By dropping the data 
of these atypical harvests and using only the three typical harvests of each 
variety, the spread of the harvest dates is reduced to 11 days and no ab- 
normal material is included in the variety data. The means for the three 
harvests are given in table IV. When the data from these three harvests 
were analyzed statistically as randomized blocks there was no significant 
harvest-to-harvest variation except for riboflavin content. Each harvest 
came from a different field replicate, which caused a confounding of harvests 
with field replicates. Since the three harvests were not significantly differ- 
ent it may be assumed that field replicates had very little influence on the 
variation. The lack of influence of field replicates is brought out more 
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clearly in the experiment with the later varieties. The F values for varie- 
ties in the early-maturing group were significant at the 1% level for thia- 
mine and carotene and at the 5% level for ascorbic acid and riboflavin. 

Six strains from the Progress x Giant Stride cross were represented in 
this experiment. The range in thiamine content was from 116 to 352 micro- 
grams per 100 gm., strains 899 and 900 having the highest values. These 


TABLE IV 


VITAMIN CONTENT OF 22 EARLY VARIETIES OR STRAINS OF PEAS. AVERAGE OF 3 HARVESTS. 
FRESH WEIGHT BASIS. 1944 











VARIETY OR STRAIN THIAMINE RiBo ' Ast roam CAROTENE Dry , 
FLAVIN ACID WEIGHT 
meg./100 | meg./100 | mg./100 meg./100 9, 
gm. qm. gm. gm, * 

Alah 275 100 37.4 560 26.8 
Glacier 260 92 34.3 406 20.7 
Hundrefold 321 91 34.6 471 19.5 
Progress 129 | 86 36.2 | 474 #+‘| 214 
Progress x Giant Stride 

298-6B-3 116 87 $42 | 455 | 208 

762A 221 94 41.6 488 | 22.6 

763-1-1 308 95 35.0 478 19.3 

770-5-1 155 93 41.1 | 461 20.1 

899 314 109 39.6 475 19.6 

900 352 | 104 37.3 451 19.6 
Little Marvel x World Record 

775-1-B-1 310 | 107 33.5 492 21.0 

776-1B 209 101 38.4 477 21.0 

777-1B 241 96 35.7 475 20.9 

779B-1-1 283 96 35.0 454 21.4 
Little Marvel x (Thomas Lax- 

ton x Phenomenon ) | 

781-2B 316 99 33.3 383 22.8 

910 322 93 31.0 396 24.1 

911 303 117 36.2 425 22.5 
Progress x Kent Alderman 

591-3-1-1-1] 325 78 35.9 461 21.1 

902 370 98 $1.7 468 18.7 
Progress x World Record 

557-1-13 250 83 36.5 $50 21.2 
Phenomenon x World Record 

787 320 89 29.8 454 21.7 

1-17* 328 9] 10.0 444 19.9 
L.S.D. 5% 69 17 6.5 43 2.2 

1% 93 23 8.6 57 2.9 


* Uncertain pedigree. 


two strains were among the highest of the 40 strains from this cross analyzed 
in 1943. Strain 298-6B~—3 had the low value of 116 meg./100 gm. in this 
experiment. In 1943 the same strain had for 3 analyses a mean content of 
93 micrograms per 100 gm. The Progress parent was again very low in 
thiamine content. Strains 781—-2B, 910, and 911 from the cross Little Mar- 
vel x (Thomas Laxton x Phenomenon) gave relatively high values for thia- 
mine. In 1943 strains from the same cross had a mean thiamine content 
greater than all but two other crosses. 
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As in 1948 the range in riboflavin content was much less than that for 
thiamine. Very few significant differences occurred among the strains. 

The high value of 41.7 mg. per 100 gm. for the ascorbic acid content of 
strain 902 corresponded to a high of 35 mg. in the 1943 when it was the 
highest in rank among the 9 strains from the Progress x Kent Alderman 
cross. 

The first data for carotene content in the present study are given in 
table IV. Although the range in carotene content was not as great as that 
for other vitamins a highly significant varietal or strain difference was 
found. This difference was not found between the strains within a cross; 
but highly significant differences were found between the strains of dif- 
ferent crosses. For instance, the strains from the Little Marvel x (Thomas 


TABLE V 


VITAMIN CONTENT OF 12 LATE VARIETIES OR STRAINS OF PEAS. AVERAGE OF 4 ANALYSES, 
FRESH WEIGHT BASIS. 1944 





VARIETY OB THIAMINE | RIBOFLAVIN A ae | CAROTENE | Dry 
STRAIN ACID WEIGHT 
meg./100 gm.| meg./100 gm.| mg./100 gm, | meg./100 gm, % 
Creole 304 97 37.0 408 } 21.5 
Miracle 438 98 36.4 714 21.3 
Morse Market 341 84 31.1 162 23.4 
Perfection 338 96 36.4 390 | 21.8 
Perfectah 341 97 34.8 406 22.5 
Perfectah, Early 349 8Y 29.6 406 21.8 
Walah 328 88 28.2 338 20.8 
Wando 345 96 33.4 530 22.4 
Willet ’s Wonder 305 117 45.7 522 24.4 
1-12* 447 8] 19.8 430 26.6 
1-19* 188 89 21.3 171 27.0 
903 (Giant Stride » 
Progress ) 407 79 22.9 $53 23.7 
L.S.D. 5% 44 i) 5.0 71 2.7 
1% | 62 12 7.1 100 3.8 


* Uncertain pedigree, 


Laxton x Phenomenon) cross are all much lower in carotene than those from 
the cross Little Marvel x World Record. Highly significant differences in 
carotene content were found among the four commercial varieties. 

The second group of 12 later-maturing varieties (table V) were grown 
in randomized blocks in two field replicates, and two harvests were made 
from each replicate. Ail varieties from both replicates were harvested on the 
same day. The data were analyzed in a split plot design with replicates 
and varieties constituting the first split and with harvests and harvests x va- 
rieties the second split. All F values for replicates were non-significant. 

The F values were significant at the 1% level for varieties for all vita- 
mins, and for harvests for all vitamins except riboflavin. Table V gives the 
average values on the fresh weight basis. When the data from both groups 
of varieties were analyzed on the dry weight basis the F values were also 
significant for varieties for all vitamins. 
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Among the commercial varieties in this group Miracle stands out as the 
highest in both thiamine and carotene content. The strains 1-12 and 903 








\ Pia DS 
V V “a 





CAROTENE 











THIAMINE 








RIGOFLAYVIN 











— = —- ss = - = ¢€ = 
See geet ee & - * : z : 8 
? © = . * ¢ ¢ i 3 
° bs | = 2 . 
§ = 


Fic. 1. Vitamin content of 24 varieties or strains of peas, 1945 experiment. 


PEDIGREE OF STRAIN NUMBERS 


Cross STRAIN NUMBERS 
Little Marvel x (Thomas Laxton x Phenomenon 909, 910, 911, and 781-2B 
Progress x Kent Alderman 591-3—1—1, 931, 933, and 936 
Progress x Giant Stride 762A, 762-2BA. 762-7, 898, 
899, and 957 
Progress x World Record 557-1-13, and 772B 
Giant Stride x World Record 958 


Giant Stride x Sutton’s Excelsior 914 


Phenomenon x Thomas Laxton 318-3B-1 


The varieties having values above the solid horizontal! lines are statistically signifi 
eantly higher than those values appearing below the dotted lines. 


were also high in thiamine content, while most of the other varieties have 


more of a medium range of values with the exception of the very low value 
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for strain 1-19. Willet’s Wonder contained significantly more ascorbic acid 
and riboflavin than any other variety. This is consistent with its perform- 
ance in 1943, when it also ranked the highest among the commercial varieties 
in these two vitamins. 

In 1945 a simple lattice containing 25 varieties or strains and four repli- 
cates was used to give information on vitamin content as well as yield data. 
The individual varieties were harvested in April as they matured. All 
replicates of a variety were harvested on the same day. There was some 
difference in spread of the harvesting period for the several varieties due 
to slight differetices in maturation rate. However, all harvests were econ- 
pleted within 12 days. The data were analyzed as randomized blocks ex- 
cept in the case of thiamine where the simple lattice design gave a sufficient 
gain in precision to warrant the use of values adjusted for block effeet. One 
strain failed to produce enough to complete all analyses so it was omitted 
from the results presented in figure 1. 

The varieties in figure 1 are arranged in a descending order according to 
their thiamine content. The division of the plotted values into three groups 
each for thiamine, for carotene, and for ascorbic acid content shows that a 
considerable number of varieties are significantly higher than others. If 
these same values are plotted on a dry weight basis for thiamine content 
several varieties change their relative ranking within groups, but there is 
only one exchange of varieties between groups and that occurs between the 
highest atid intermediate. 

The three strains 909, 781—2B, and 910, all derived from a cross involving 
Little Marvel x (Thomas Laxton x Phenomenon) ranked highest in thiamine 
content. These same strains were among the higher-ranking strains in an 
earlier experiment, table IV. 

The strain 914 from the Giant Stride x Sutton’s Excelsior cross ranked 
very high in thiamine content and quite low in ascorbie acid, just as it did 
in the 1943 survey data. It also gave quite a low carotene value in 1945. 

Strains 936, 933, and 931 from the Progress x Kent Alderman cross are 
of interest. All three were medium to moderately high in thiamine con- 
tent and the first two were definitely high in ascorbic acid content. Strain 
936 appears to have combined in it the factors for relatively high thiamine, 
carotene, and ascorbic acid content along with an average amount of ribo- 
flavin. This strain is of particular interest in a program of breeding for 
higher vitamin content in peas. 


Discussion 


Statistically significant varietal differences were found in thiamine, ribo- 
flavin, aseorbic acid, and carotene content of peas over a period of several 
years. It is of interest to compare the nutritional significances of these dif- 
ferences. Using the data from the 1945 experiment and basing the daily 
allowances on those recommended by the National Research Couneil (1945), 
100 gm. of the fresh, uncooked peas from the lowest-ranking varieties would 
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supply 44% to 5% of the thiamine, 6% to 7% of riboflavin, about 14% of 
the carotene, and 37% to 40% of the ascorbic acid of an adult’s daily re- 
quirement. In contrast, 100 gm. of the higher-ranking varieties would 
supply from 30% to 35% of the thiamine, 7% to 84% of the riboflavin, 
about 19% of the carotene, and from 56% to 60% of the ascorbic acid. The 
proportions of the daily requirements actually supplied by these varieties 
when cooked will depend on losses in cooking. With the best available methods 
losses can be negligible, but under less favorable cooking conditions they 
may run as high as 30% of the thiamine and 60% or more of the ascorbic 
acid. It is readily seen that, from the nutritional standpoint, the consider- 
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Fig. 2. Thiamine content of 10 varieties or strains of peas for a three-year period. 


able variety variation in thiamine content is much more important than the 
relatively moderate variations in the other vitamins. 

It should be pointed out that the varieties or strains represented in the 
1945 experiment were all medium- or large-seeded types. If some of the 
small-seeded varieties such as Willet’s Wonder could have been included in 
this study the nutritional significance of the varietal variation for ascorbic 
acid and riboflavin content might have been increased considerably. The 
difference in the time required for varieties of widely differing types to 
mature makes it difficult to compare any large number of varieties unless 
they are planted at different dates so as to bring them to the harvesting stage 
at approximately the same time. The early experiments in this study 
emphasized that the varieties being compared must be harvested over a rela- 
tively short period of time. 





Ae te 


rts, 


RRL 





a Tn TID FTN gS 





sae OR, 


ad IOS 











HEINZE ET AL.: VITAMINS IN PEAS 559 


Ascorbic acid is the vitamin most easily lost or destroyed during cooking 
and preparation of the peas for serving. While the ascorbic acid content 
shows considerable varietal variation, the significance of this from a nutri- 
tional standpoint is thus much reduced. However, peas are generally con- 
sidered a fair source of vitamin C. 

The relative ranking of a few of the varieties over a period of years indi- 
cates that some varieties are quite consistent in their response insofar as 
thiamine content is concerned (fig. 2). Progress definitely ranked below 
any of the other varieties or strains in this group in each of the three years, 
and the breeding lines 899, 781—-2B, and 910 were always high in thiamine 
content. Table I shows the ascorbic acid content of a number of varieties 
or strains over a period of two or more years. Although uniformity for 
ascorbic acid content from year to year is much less than for thiamine, some 
trends can be observed. If the eight varieties or strains for which three 
years’ data are given are considered it will be noted that strain 762A ranked 
either highest or second highest in all three years. Likewise strain 781-2B 
was found to be near the bottom in ascorbic acid content over the three-year 
period. Among the strains for which only two years’ data are given, 902 
ranked the highest and the small-seeded variety Alah was second. Strain 
902 also showed a relatively high thiamine content in 1944. 

Correlation studies were made on the 1944 and 1945 data in an attempt 
to determine if any relationship existed between the quantities of each of 
the four vitamins present. In all experiments a negative correlation coeffi- 
cient was obtained for ascorbic acid and thiamine content on the fresh weight 
basis, but the coefficient never approached a significance level in these studies. 

There is a significant but not very important positive correlation between 
ascorbie acid and carotene content on the fresh weight basis. Correlation 
coefficients of 0.293 and 0.265 (significant at the five % level) were obtained 
for ascorbic acid and carotene content in the 1944 and 1945 data, respeec- 
tively. Correlations involving all other vitamins were erratic from experi- 
ment to experiment and from year to year and very few of the coefficients 
approached a significance level. 

In considering these strains as possible horticultural varieties it is of 
some importance to note their response in cold-hardiness tests. Wape (11) 
has shown that the strains 910, 898, and 899 included in this vitamin study 
were better than or equal to Progress in frost tolerance. 


Summary 
A number of varieties and breeding strains of garden peas have been 
analyzed for thiamine, riboflavin, ascorbic acid, and carotene content over 
a period of several years. Highly significant varietal differences have been 
found for all four vitamins. 


The seed size, or stage of maturity, of the peas was found to have a sig- 
nificant effect on the vitamin content. On the fresh weight basis ascorbie 
acid decreased and thiamine progressively increased with increase in the 
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size of peas. On the dry weight basis the ascorbic acid and the riboflavin 
content decreased rapidly and thiamine remained nearly constant as the 
peas became more mature. 

Correlation studies showed a slight significant positive correlation be- 
tween ascorbic acid and carotene content. No significant relationship was 
found between the other vitamins. 

The differences in thiamine content among pea varieties and breeding 
lines are large enough to be of real importance in an ordinary diet. Since 
thiamine content is found to be relatively consistent from year to year among 
varieties, it clearly merits attention in any breeding work designed to 
improve the nutritive value of peas. 


U. 8S. REGIONAL VEGETABLE BREEDING LABORATORY 
CHARLESTON, SOUTH CAROLINA 
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THE EFFECT OF AIR SUPPLY ON APPARENT PHOTOSYNTHESIS 
JOHN P. DECKER 


(WITH SIX FIGURES) 


Received Mareh 28, 1947 


It has been recognized for a long time that the rate of absorption of CO, 
by a green plant shoot or leaf enclosed in a vessel is affected by the rate at 
which air is supplied. Much attention has been given to the problem of 
maintaining a ‘‘normal’’ air supply ; that is, a CO, supply comparable to that 
found under natural conditions. The early literature was reviewed and dis- 
cussed by HEINICKE and HorrMan (5), who presented results showing that 
the rate of photosynthesis was below normal when the air supply was less 
than approximately two liters per hour per square centimeter of leaf area. 
VERDUIN and Loomis (9) presented results from which they concluded that 
photosynthesis of corn leaves ‘‘ was affected surprisingly little’’ by 70% 
depletion of the CO, within the leaf chambers. 

Brown and Escomse (1) presented results which they interpreted as 
indicating an approximate proportionality between the rate of apparent 
photosynthesis and the mean CO, concentration. They pointed out that ‘‘in 
all cases where the illumination of the leaf was good, although the amount 
of intake of CO, into the leaf was approximately proportional to the in- 
creased partial pressure, the photosynthetic work was always somewhat in 
excess of what might be expected from the increased amount of CO,.’’ They 
were obviously expecting strict proportionality and had overlooked some of 
the following facts. Proportionality implies a linear relationship. General 
linear relationship is described by the equation y = a + bx; but striet propor- 
tionality exists only when a=0 and y=bx. Apparent photosynthesis be- 
come; zero at a measurable CO, concentration (the compensation point) ; 
therefore a ~ 0, and strict proportionality cannot exist. 

The data of Brown and Escomse actually contain very little information 
concerning the real relationship between photosynthesis and CO, coneen- 
tration. They made only two observations on each plant, one at high CO, 
concentration and one at low concentration. Thus only two points were 
established for each plant, and a linear function can be derived from any 
two points whether established experimentally or selected at random. Fur- 
ther, a variety of functions other than linear can be fitted to any two points, 
for example, vy = ax", y=a+1/x. 

Data presented by DENEKE (4) indicated that the rate of photosynthesis 
increased with the velocity ot air over the leaves and apparently approached 
a maximum limit at an air velocity of approximately 100 meters per minute. 
He circulated air over a plant in a closed system and measured the time 
required for a certain reduction of CO, content. One set of data, his figure 
8, is reproduced here as figure 1. This and similar curves suggested to 
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Fic. 1. Effect of air velocity on time required for a constant amount of apparent 
photosynthesis. Redrawn from DENEKE (4). 


DENEKE that increasing velocity above 100 meters per minute would proba- 
bly result in no further increase in the photosynthetic rate. However, it 
should be noted that rate is the reciprocal of time; that is, R = K/T where R 
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is the rate of photosynthesis, and T is the time required for the absorption 
of a constant amount of CO., K. When photosynthetic rates were calculated 
from DENEKE’s data they were found to describe a nearly straight line in 
relation to air velocity as shown in figure 2. DENEKE plotted T, the recipro- 
eal uf R, and the resulting curve was hyperbolic, of course. What he has 
interpreted as the flattening of the curve at high velocity is merely the nor- 
mal shape of a hyperbolic curve. 

HEINICcKE and HorrMan (5) presented results which they interpreted as 
showing that the rate of photosynthesis declined more rapidly than the mean 
CO, concentration at very low rates of air supply. This implies a curvilinear 
relationship between rate of photosynthesis and mean CO, concentration. 
Values for mean CO, concentration were calculated from the data in their 
table 4 using the method they described, and photosynthesis was plotted over 
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Fig. 3. Effect of CO, concentration on apparent photosynthesis. Data of HEINICKE 
and HOFFMAN (5). 


mean CO, concentration as shown in figure 3. When the whole array is con- 
sidered, a non-linear curve is suggested. It appears possible, however, that 
the array is composed of two sets of data describing two straight lines of 
different slope. It should be noted further that the four upper values were 
observations on single leaves and the remainder were composite measure- 
ments on many leaves. The inference of curvilinear relationship from these 
data is not justified. 

HEINICKE and HorrMan stated also that the rate of photosynthesis fell 
rapidly when the CO, content was depleted more than 20%. This implies a 
curvilinear relationship between the rate of photosynthesis and the degree of 
depletion. When the data contained in their table 4 were plotted it was 
found, as before, that although the whole array suggested a non-linear curve, 
the data obviously could be separated into two groups. DeEcKER’s (3) con- 
clusion concerning the non-linear effect of CO, depletion on the photosyn- 


thetic rate of pine was based on a misinterpretation of preliminary results. 
| ; 
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The experimentation reported here was undertaken in an attempt to 
clarify partially the effect of air supply on the rate of photosynthesis of the 
entire shoot of a tree seedling enclosed in a chamber. 


Methods 


The apparatus used in measuring photosynthesis was as originally de- 
scribed (3) except that CO, analysis units of the type used by Wavan (10) 
were substituted. A diagram of the apparatus is shown in figure 4. The 
entire top of the plant was enclosed in a transparent cylindric chamber and 
was illuminated from above by a battery of electric lights. Air was drawn 
through the chamber at a known rate, and the difference between the amounts 
of CO, entering and leaving the chamber was taken as a measure of apparent 
photosynthesis. A small radial-flow fan (2) circulated the air rapidly 
within the chamber. A simple test with smoke showed that the turbulence 
caused by the fan was very much greater than that caused by the flow of air 
from inlet to outlet. It is presumed, therefore, that the rate of air move- 
ment within the chamber and over the leaves was essentially constant at the 
different rates of air supply. Air temperature in the shoot chambers was 
maintained at 25° + 1° C. 

The arrangement of the CO, analysis units for direct sampling was simi- 
lar to that described by Winson (12). For simplicity only one of the units 
is shown in figure 4. Another was connected to the blank sampling tube (8) 
and a third to the other shoot chamber (7). The three units were arranged 
in a suitable thermostatic water bath. The sample was metered (14) through 
the absorption tower (15) which was charged with 50 ml. of 0.0055 N NaOH 
solution. The change in concentration of the NaOH was measured by the 
change in electrical resistance of the solution. The operating routine was as 
follows. The tower was charged with fresh solution and was stirred for five 
minutes by passing the CO,-free air stream through it. The air stream was 
made CO,-free by passing it through soda-lime (17). The tower was then 
by-passed and the initial resistance reading was made. The tower was again 
switched into the air stream and the soda-lime tube was by-passed for exactly 
fifteen minutes. The CO,-free stream was then allowed to pass through the 
system for an additional three minutes to sweep the remaining CO, into the 
tower, the tower was by-passed, and the final resistance reading was made. 
At a CO, coneentration of 0.55 mg. 1. and an air flow of 0.55 1. min. a run 
of 15 minutes gave a resistance change of approximately 100 ohms. An In- 
dustrial Instruments Model RC-1B bridge was used, and with a deeade 
variable resistance coupled in series it was possible to make readings to the 
nearest 0.5 ohm with considerable ease and speed. Replicated tests with the 
three units sampling a common source of air revealed an average discrepancy 
between units of approximately 1%. 

The sampling unit drew air from the shoot chamber at a constant rate of 
0.551. min. The total flow through the chamber was controlled by means of 


} 


another air line and flowmeter (78) which was calibrated over the range 0.5 
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to 10.0 l/min. The desired rate of supply was established 20-25 minutes 
before a measurement was begun. Preliminary tests made at the lowest rate 
of air supply showed no difference between measurements begun 20-25 
minutes after a change in rate of supply and those begun 45—50 minutes after 
the change. 

Ten potted loblolly pine (Pinus taeda L.) seedlings which had completed 
the initial growth of their second growing season were used. Throughout the 
season they had been exposed to normal light in a greenhouse. The experi- 
ment was arranged as a 5x5 Latin square in which columns represented 
hours of the day, rows represented pairs of plants and days, and the five rates 
of flow were distributed within the square. To allow separation of any differ- 
ential effect of light intensity, one plant of each pair was exposed to a light 
intensity of 10,000 foot candles and the other to 2,200 fe. throughout the 
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Fic. 5. Effect of air supply on apparent photosynthesis of entire shoots of tree seed- 
lings. Data of table IT. 


series of flows. The Latin square design was chosen because it would reduce 
the chance of having the decline of the CO, content of air from out-of-doors 
through the day confounded with the effect of air supply. All plants were 
exposed to all rates of supply and thus the amount of tissue involved was a 
constant whose effect did not appear in differences between rates of supply. 

The results of HEINICKE and HorrMan indicated that the rate of photo- 
synthesis could probably be expected to vary hyperbolically with the rate of 
air supply and therefore linearly with the reciprocal of air supply. The 
rates of supply which were used (2.0, 2.5, 3.3, 5.0, 10.0 liters per minute) were 
chosen because the reciprocals were convenient values. 

A second series was run using six dogwood (Cornus florida L.) seedlings 
and six tulip poplar (Liriodendron tulipifera L.) seedlings. These plants 
were in their third growing season and were kept in the greenhouse near the 
pine seedlings. A design similar to the previous one was used, with a 6 x 6 


square, one plant of each species in a pair, and a sixth rate of supply of 1.67 
l./min. Only one light intensity, 10,000 fe., was used in this series. 
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TABLE I 


APPARENT PHOTOSYNTHESIS OF ENTIRE SHOOTS AT DIFFERENT KATES OF AIR SUPPLY. 
Ma. CO,/MIN./SHOOT 








AIR SUPPLY, L./MIN. 
SPECIES = sored . . 
_— 10 x eee | 2.5 2.0 | 1.67 
fe. | 
Loblolly pine* 10,000 579 | 531 | 464 | 441 | .366 
os = 2,200 | 630 | .470 401 | 361 .309 
Dogwoodt 10,000 | @ae + 28 {Bie 1.30 282 .260 
Tulip poplart 10,000 519 | 455 409 | 383 333 | .318 
= - | — 
* Values are means of 5. 
t Values are means of 6. 
Results 


Results are summarized in tables I and II. Values for mean CO, conecen- 
tration and degree of depletion were calculated from the mean initial and 
final concentrations within each air supply group. 

There is an obvious difference between the values for the two light intensi- 
ties with pine ; however, an analysis of variance (table III) revealed no dif- 
ferential effect of air supply with light intensity, and the two sets of data 
were combined for all further considerations. Similarly, no differential effect 
of air supply with the two hardwood species was found, and the data for the 
two species were combined. The statistical significance of row and column 
effects indicates that the Latin square design gave a real increase in precision, 

Regressions were fitted to the two sets of data using 1/R (where R is the 
rate of air supply) as the independent variable and rate of CO, absorption as 
the dependent variable. Both were found to be linear. The analyses of vari- 
ance are given in table III. The linear curves became hyperbolic, of course, 
¥ when transformed from the reciprocal scale to the normal scale as shown in 

figure 5. 


TABLE II 


APPARENT PHOTOSYNTHESIS, MEAN CO, CONCENTRATION AND DEGREE OF DEPLETION 
OF CO, AT DIFFERENT RATES OF AIR SUPPLY 


1 | | AIR SUPPLY, L./MIN. 
10 5 3.3 2.5 2.0 1.67 
Photosynthesis | 0.555 0.501 0.432 0.401 0.337 
(mg. CO,/min. ) 
Pine | Mean CO, cone. | 0.520 0.495 0.479 0.465 0.456 
(mg./1.) 
% depletion 10.2 18.4 23.8 29.4 31.2 
| Photosynthesis | 0.466 0.413 0.363 0.346 0.307 0.289 
Hardwoodst | Mean CO, cone. | 0.508 0.494 0.473 0.463 0.453 0.448 
% depletion 8.8 15.1 20.9 26.3 29.3 31.9 


* Values are means of 10. 


t+ Values are means of 12. 
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Regression* 
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TABLE IIl 


ANALYSIS OF VARIANCE 


MEAN 
SQUARE 


.077205 

001496 
| 072026 
.002782 


.047678 
| (000305 
-009930 


.028569 
.000081 


| Svecies- Flow 
t 


SOURCE OF 
VARIATION 


Rows 
Columns 
Flows 
Error 
Total 


Species 


Error 


| Total 


Regression* 
Residuals 


Total 





HARDWOODS 
DEGREES OF MEAN 
| FREEDOM SQUARE 4 

5 002735 
5 .022684 
5 052861 
20 .003940 

35 
l .106650 
5 001221 
30 002864 

71 
] .021260 
4 000195 

5 

b=—.35 + .09t 


* Regression tables are based on means of 10 and 12 observations respectively. 
+ Standard error of b multiplied by 5% t. 


The curves of apparent photosynthetic rate plotted over the degree of 


depletion (not shown) appeared to be linear with essentially the same dis- 
persion of points shown in figure 6. 


Discussion 


These data are in general agreement with the conclusion of HEINICKE 
and HorrMan that the effect of air supply on CO, absorption is curvilinear 
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over the known range. There is apparent disagreement with DENEKE’s data, 
which showed a linear relationship; however, the technique used by DENEKE 
differed from that used in the present study. DENEKE measured the time 
required for a standard depletion of the CO, content of a fixed volume of air 
in a closed system, thus the mean CO, content was constant for all air veloei- 
ties. It appears that he measured directly the simple effect of air velocity 
over the leaf. In the present study the air velocity was held essentially 
constant and the mean CO, content was varied. 

Considerable attention has been given in past studies of photosynthesis 
to the problem of maintaining a ‘‘normal’’ or at least known CO, supply. 
A frequent practice bas been to maintain an air supply such that the CO, 
content was reduced not more than 15-20%. This practice is subject to ques- 
tion because it has been based on the conclusion of HEINiIcKE and HorrMan 
that the effect of depletion on the photosynthetic rate increases rapidly at 
depletions greater than 20%. There is another objection to the use of degree 
of depletion in attempting to evaluate or control the effeet of CO. supply. 
Degree of depletion is a relative value and does not take into account the 
actual CO, pressure, thus 20% depletion when the initial concentration was 
0.6 mg./l. is different from 20% depletion when the initial concentration was 
0.4 mg./l. The mean CO, content of air as used by Brown and Escomse, 
that is, the arithmetic average of the affluent and effluent air, is probably a 
more useful value. The relationship between rate of photosynthesis and 
mean CO, concentration found in the present experimentation is shown in 
figure 6. It is proposed that for a given set of experimental! plants a similar 
regression could be established, by means of which all further experimental 
measurements of photosynthesis could be corrected to a selected mean CO, 
concentration. The effect of CO, supply could thus be eliminated from com- 
parisons between measurements. In such a regression proper account should 
be taken of the fact that the independent variable, x, is subject to consider- 
able sampling error. 

Apparently it is generally supposed that, because the volume percentage 
concentration of CO, in air is essentially constant at all altitudes, CO. is not 
one of the determinative factors in the altitudinal distribution of species. 
The writer has been unable to discover any direct evidence supporting this 
supposition. LunpDEGARDH (6) discussed CO, as an ecological factor but 
made no mention of it in relation to altitude. WEAVER and CLEMENTs (11) 
did not mention it. Mryrer and ANDERSON (7) stated that because CO, econ- 
centration is nearly constant it seldom need be considered a variable in 
interpreting the developmental behavior of plants under natural conditions. 
However, the diffusion of CO, into a leaf is a function of CO, pressure rather 
than concentration, and the pressure of CO, in the atmosphere varies directly 
as the total atmospheric pressure. The normal pressure of atmospheric CO, 
is approximately 22.8 mm. Hg at sea level and 13.0 mm. H¢g at 15,000 feet 
altitude. DAUBENMIRE (2) recognized that the partial pressure of CO, varies 
with atmospheric pressure and stated that its effect on plant growth is 
indirect. 
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From the relationship between photosynthesis and CO, concentration 
shown in figure 6 a similar relationship between photosynthesis and CO, 
pressure may be deduced, for CO, pressure is a direct function of CO, eon- 
centration at constant total pressure. These data indicate a possible differ- 
ential response to CO, pressure of the photosynthetic mechanisms of species 
normally growing at the same altitude. 

In general, the natural distribution of vegetation is determined by the 
differential responses of species to gradients in one or more environmental 
factors. It seems reasonable to expect, therefore, that some species character- 
istic of different altitudes may exhibit differential responses to CO, pressure 
which are related to distribution, and thus at times the gradient in CO, pres- 
sure might be one of the significant factors of the determinative complex. 


Summary 


The apparent photosynthetic rate of the entire shoots of tree seedlings 
was found to vary hyperbolically with the rate of air supply and linearly 
with mean CO, concentration over the range 0.52 to 0.45 mg./l. The possible 
importance of CO, pressure as a factor in altitudinal distribution of species 
is suggested. 


This work was done at Duke University and was financed through a 
grant made by the General Education Board to the Duke University School 
of Forestry for a study of natural reproduction of Piedmont forests. The 
generous cooperation of Drs. C. F. Korstian and Pau. J. Kramer made 
the project possible. Pror. F. X. ScHUMACHER aided in planning the ex- 
perimentation and suggested the bilinearity of the data of Hetnicke and 
HorrmMaNn. Dr. C. C. Camp made valuable suggestions concerning the 
presentation of several mathematical statements. 
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Induction of parthenocarpy and a comparison of normal and partherio- 
earpic fruits was undertaken in order to determine the possible role of the 
embryo in the development of the fruit. There is at present a question 
as to whether the production of fruit is brought about as a result of growth 
substances from the pollen, the developing ovule, seeds, tissues of the ovary 
wall and placentae, or from some other region of the plant. These arguments 
have been reviewed by Gustrarson (9, 10, 11, 12), and it is believed that 
the data given below contribute further to the interpretation of this point. 


Materials and methods 


The Marglobe variety of Lycopersicum esculentum was grown under 
greenhouse conditions, with a temperature range from approximately 70°- 
85° F., and the experimental work was carried out with seventy selected 
plants. One group received the treatment necessary for the production of 
parthenocarpie fruit ; the second group was kept as a control. 

The seeds were planted October 6, and the seedlings were transplanted 
several times to secure a vigorous root system ; they were kept under observa- 
tion from that time until February 2, when the first treatment was applied. 

Indolebutyrie acid in lanolin was prepared in the manner reported by 
Oueson (20), and used in concentrations of 0.5°¢ by weight. The flowers 
were emasculated, to prevent pollination, before the bud opened. Both the 
sepals and petals were removed with a minimum of trauma after the blos- 
som opened in order to facilitate the application of the lanolin smear. 

Applications were initially made in several ways: on the stigma, on a 
horizontal cut at the base of the style, or at a cut through the ovary. Par- 
thenocarpie fruits most nearly resembling the normal fruits were produced 
by the treatment of the cut at the base of the style as described by Gustarson 
(9). This method of treatment was used throughout the remainder of the 
experiment. Following the application of the lanolin-indolebutyrie acid 
mixture, the flowers were bagged with cellophane envelopes to prevent any 
contamination by pollen, although it has been reported that the poller be- 
comes inactivated when in contact with lanolin mixtures containing some 
growth-promoting substance. Treatments were continued on the blossoms 
as they opened through February and March. 

Beginning March 2, following the above treatment, flowers were cut be- 
low the abscission layer of the pedicel and collected at two-hour intervals for 
a period of twenty-four hours; further collections were made at 24-hour 
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intervals over a period of two weeks to obtain samples showing the changes 
as they took place following the application. Samples were also collected 
of comparable stages of the flower following pollination. Records were 
made of the general development of the treated and control plants as well 
as of the normal and parthenocarpic fruits. These records included the 
rate of fruit development following pollination and the treatment with 
lanolin smear, ultimate size and weight of the fruit, increase in size of the 
pedicel, and the premature abscission of flowers and fruits. 

All. tissue; samples were preserved in formalin-acetic-alcohol and em- 
bedded in paraffin following dehydration with n-butyl alcohol. Sections 
were cut 10-12 .microns in thickness and stained with safranin and fast 
green. Serial sections of important developmental stages were cut in both 
transverse and longitudinal planes to follow the sequence of events in the 
early development of normal and parthenocarpic fruits. 


Data and discussion 


The artificial induction of parthenocarpic fruit in the tomato by the use 
of a 0.5% by weight of indolebutyric acid in lanolin at the base of the style 
parallels the work of Scuroeper (21) and How.terr (16). The develop- 
ment of the fruit was much more rapid following the treatment with the 
lanolin smear than as a result of natural pollination but the ultimate weight 
and size of the fruit were approximately the same. The parthenocarpic 
fruits produced were more solid, and the percentage of set of fruit was as 
great, or greater, than that of the normal fruit. Larger fruits were pro- 
duced if the treatment followed partial pollination. The percentage of 
fruit-set was increased above that of the controls if repeated applications of 
the stimulant were made at short intervals. In agreement with the results 
obtained by Howterr (16, 17), parthenocarpic fruits were produced on the 
same plants with fruits producing seeds and their growth was not impaired 
if repeated indolebutyric acid treatments were given. Histological studies 
were made of the early stages of flowers and fruits of the normal and treated 
plants in order to compare their development. 

The development of flowers and ovules has been described by Cooper 
(4,5). The Marglobe tomato has five or six locules, usually six, and free 
central placentation (fig. 1). It is impossible to get an accurate idea of the 
developments within the embryo sae with sections 10-12 microns in thick- 
ness such as were used in this investigation. It is possible, however, to 
know the condition of the ovule in the flower at the time of pollination 
(fig. 2) and at the time of the application of the lanolin-indolebutyrie acid 
mixture (fig. 4) and thus to follow the subsequent changes. 

The tomato fruit consists of pericarp, ovules, and placental tissue. The 
greatest changes during fruit development take place in the ovules and the 
placentae. -The development has been accurately described by Haywarp 
(14) and general descriptions of parthenoearpie fruits have been given by 


several authors (5, 6, 7, 9, 10, 11, 12, 13, 16, 20, 21, 22). The development 
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of the placental tissue of the parthenocarpic fruits, however, has nyt been 
stressed. A critical study of the parthenocarpic sections showing placental 
tissue at the time of pollination (fig. 1), one day after treatment (fig. 3), 


Ps 


. a 





Fig. 1. Transverse section through the ovary of the flower showing free central 
placentation. Fig. 2. Section through the ovule at the time of pollination. Fie. 3. 
Longitudinal section through the ovary one day after treatment, showing placental tissue. 
Fig. 4. Section through the ovule one day after treatment. 


and ten days after treatment (fig. 5), show the marked overgrowth of this 
tissue which in the mature fruit crushes the ovules against the ovary wall. 
This development is brought about by an increase in cell number and cell 
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size as stated by GARDNER and Kraus (5). The general pattern of cell 
shape and cell size will vary among plants, due apparently to genetic 
influence (15). In fruits produced by the treatment following a horizontal 
eut through the young ovary (fig. 16), the growth of the placentae takes 





Fie. 5. Longitudinal section through the ovary ten days after treatment, showing 
placental tissue. Fic. 6. Section through the ovule ten days after treatment, showing 
the collapsed embryo sac. Fic. 7. Longitudinal section through the pedicel, directly 
below the receptacle region of the flower approximately ten days after pollination. Fic. 
8. Same as figure 7, showing details of vascular tissue. 
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the form of finger-like projections. The site of ovule attachment may be 
observed as scar tissue on the surface of these projections. The unfertilized 
ovule usually ceases its development early but if there is enlargement, it 
is due to the slight development of integument and nucellar tissue (5). The 


- 





Fic. 9. Longitudinal section through the pedicel, directly below the receptacle region 
of the flower, approximately ten days after treatment. Fic. 10. The same as figure 9, 
showing details of vascular structure. Fic. 11. Transverse section through the abscis- 
sion region of the pedicel, of the control showing the meristematic cells of the cortex. 
Fic. 12. Longitudinal section through the abscission region of the pedicel, of the control 


showing the meristematic cells of the cortex. 
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megagametophyte collapses a few days after the treatment with indole- 
butyric acid as noted by Borruwick, HamMNer, and Parker (2). 

The influence of the lanolin-indolebutyric acid mixture extends through 
the fruit into the pedicel and prevents abscission of flower and fruit. There 
are many references in the literature on this point (2, 5, 6, 7, 8, 12, 16, 19). 
Further data have been given by GarpNerR and Martu (6) who state that 
flower buds could be stimulated to renew growth even after the pedicel had 
begun to turn yellow, and that this increase of growth in the pedicel in the 
Solanaceae was even more rapid than that following pollination. This 
rapidity of effect would be expected in consideration of the rapid response 
secured by ZIMMERMAN, Hircucock, and WiLcoxon (22) in their work with 





Fig. 13. The same as figure 12, showing details of vascular tissue. Fig. 14. Trans 
verse section of the abscission region of the pedicel, of the control showing the meristematic 
eells of the pith. 


the tomato. A comparison of the sections of the pedicel of the normal and 
parthenocarpic fruit taken directly below the receptacle region (figs. 7, 8, 
9, 10), show a distinct difference in the amount of vascular tissue. The 
pedicel of the parthenocarpic fruit has more secondary tissue and larger 
cells in the pith and cortex. These data also agree with the work of 
Kraus, Brown, and HAMNeEr (18) as to the effect of growth-promoting sub- 
stances on stem tissues. Contrary to the above results, GARDNER and Kraus 
(5) report that it is not possible to detect any direct outstanding differ- 
ences in the vaseular system of fruit or pedicel in comparing normal and 
parthenocarpic fruit. The difference noted by the writer may be due to the 
repeated applications of lanolin-indolebutyric acid mixture on the base of 
the style. In the abscission region of the control the meristematic activity 
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is noticeable in both the cortex and pith regions and there is a separation 
or branching of vascular strands (figs. 11, 12, 13, 14). The difference in 
the pedicel of the normal and parthenocarpic fruits is not restricted to the 
internal anatomy but may be observed in the external appearance (figs. 15, 
16, 17) as an increase in thickness over that of the normal fruit extending 
from the receptacle through the abscission region. 

The theories of the causal mechanism of fruit development are reviewed 
by Gustarson (9, 10, 11, 12). From the experimental work discussed, it 
is evident that the ovary wall is not important to any great extent in the 
production of growth-promoting substances which result in the development 
of fruit. When ovules are removed, fruit will not develop unless the cavity 
which is left is filled with a mixture containing a growth-promoting sub- 
stance. The question arises as to whether the placentae, ovules, or embryo 
are responsible for the development of the fruit. In parthenocarpie fruits 





Fie. 15. Parthenocarpie fruits produced by the application of lanolin-indolebutyrie 
acid smears, applied at the base of the style (x2). Fic. 16. Parthenocarpie fruits 
produced by the application of lanolin-indolebutyric acid smears, applied on a horizontal 
eut through the ovary (x0.5). Fie. 17. Marglobe tomatoes as developed from pollina- 
tion followed by fertilization (x 0.33). 


which are seedless and in which ovules do not develop, it is evident that the 
development could not have been brought about by the ovules or the embryo 
sac. In the work of Tukey (22), the other possible alternative is discussed 
and his data show that the abortion of the embryo may cause the early 
ripening of the fruit. Parthenocarpic tomato fruits may appear in the 
field at certain seasons of the year and it is believed that such cases may be 
explained on the basis that pollination has occurred and that the pollen 
tube with its contents in the style is responsible for the development of the 
fruit even though fertilization has not oecurred (13). Gustarson (9) 
states that the high auxin content in the flower bud stage is responsible for 
parthenocarpy. It is evident from the experimental work discussed by the 
same author that there is an increasing gradient in auxin concentration 
from the ovary wall to the developing seed. If the region of greatest con- 


centration in the developing fruit is eliminated, it is logical to assume that 
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the region next in concentration would take over the control of mobilization 
of materials into the fruit. Such regions in order of decreasing concentra- 
tion would be ovules, placentae, and ovary wall. The production of par- 
thenocarpie fruit when the ovules fail to continue their development, as 
described in this paper, shows that the placenta itself may be stimulated to 
fruit development without the influence of the developing ovule. 

The production of induced parthenocarpic fruits in which the ovules 
fail to continue their development beyond the stage reached at flowering 
would lend support to the theory that the ovule is not essential for fruit 
production. Other tissues of the fruit itself, such as the placentae, may be 
either the source of the stimulus for fruit development or the loci at which 
that stimulus exerts its effect. It is possible that the auxin gradient in 
fruit is determined by the tissue pattern established by the flower or floral 
primordia. 

It is interesting to note in connection with the abscission layer that the 
vascular strands in that area are smaller; in many cases only a single row 
of tracheal elements. The tracheids retain their nuclei and cytoplasm over 
a much longer period than previously believed. Such conditions show a 
distinct adaptation of the structures of the abscission layer to its function 
which once again emphasizes the dynamic nature of plant tissues. 


Summary 

1. The parthenocarpic fruits produced by the application of 0.5% 
indolebutyrie acid in lanolin were seedless, solid, juicy, and as large as the 
normal fruit. The yield was as high or higher than the normal fruit and 
when produced on the same plant with the normal fruit their development 
was not affected. 

2. The ovules of the parthenocarpic fruit failed to continue their de- 
velopment to any degree after the stage at which the flowers were treated. 

3. The embryo sae of the partially developed ovules of the treated 
flowers collapsed and the ovules were crushed against the ovary wall by the 
overgrowth of the placental tissue. 

4. There was an excess tissue development in the pedicel of the par- 
thenocarpie fruit as shown by cross sections, and this increase in the thick- 
ness of the pedicel is due to an increased amount of secondary tissue. 

5. Parthenocarpie fruits produced on the same plant with normal fruits 
were as large as those produced on separate plants. 
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THE POROMETER METHOD FOR THE CONTINUOUS ESTIMA~ 
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In studies concerning the movement of gases and vapors into and out of 
the leaf, it is frequently necessary that the dimensions of the stomates be 
determined. Such information may be more useful if it consists of a con- 
tinnous record of the stomatal aperture rather than a series of periodic 
measurements. Two methods are generally used for the procurement of 
such continuous data; direct microscopic measurement and the porometer. 

Direct microscopic measurement of the dimensions of the stomates has 
been considered the most accurate method by many workers. There are, 
however, several difficulties which make accurate measurements by the 
microscope difficult. For certain leaves, under some conditions, accurate 
measurements can be made only with extreme difficulty. For other leaves, 
the microscope cannot be used at all. The method is not well adapted for 
continuous observation, because of the strain imposed upon the worker and 
because of undesired changes induced through mechanical manipulation and 
the use of light. Also, since only a few stomates can be measured at one 
time, the question arises as to whether they constitute a representative 
sample or reflect correctly the average stomatal aperture. However, when 
employed for the determination of the dimensions of the stomates at a par- 
ticular instant, a high degree of accuracy may be achieved. 

The porometer is a device used to measure changes in the rate of flow 
of air through the leaf. A cup or tube is attached to the leaf and the pres- 
sure of the air within the cup is either raised or lowered with respect to 
normal air pressure. It is assumed that the changes in the rate of air flow 
are directly proportional to the changes in the dimensions of the stomates. 

The porometer was first proposed by Dutrochet in 1832, according to 
Darwin and Pertz (3). In 1876, Muller constructed an apparatus employ- 
ing this principle which proved too complicated and cumbersome for gen- 
eral use and acceptance. The modern design for the porometer was devel- 
oped by DARwin and Pertz (3). Improvements were made on this type 
of porometer by Knient (7), and by Lamiaw and KNieut (9) who devised 
a constant flow aspirator and made the process self-recording. Other 
porometers were devised by BAtis (2), and by Jones (6). A porometer 
which measures changes in the rate of flow of air through the leaves in terms 
of pressure was devised by Gregory and Pearse (4). This method uses 
small rates of air flow and low pressures. It will be described in detail in 
another section. 
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Numerous criticisms have been leveled at this method, many of which 
are no longer valid in the light of present information. Lorrrrenp (10) 
considered that until a ‘‘comparison has been made between a series of direct 
observations upon the conditions of the stomata and porometer readings 
made at the same time—its reliability is questionable.’’ 

Asusy (1) compared readings of a porometer with simultaneous mea- 
surements from epidermal strips. He concluded that with large apertures 
the two methods are essentially measuring the same thing but that with small 
apertures the porometer method is more than ten times as sensitive. He 
also found the error of replication of the porometer to be less than 3% while 
that of the strip method was over 20%. Maskett (11) compared the 
porometer rate with the area of the stomates determined from impressions. 
Although he made only a small number of comparisons, his results indicated 
a linear relation between porometer time and the area of the stomates. 

In a study of the effect of certain gases on permeability of the leaves, 
PAWLENKA (13) made a great many simultaneous measurements of the 
stomates using the porometer and the strip method which were reinforced 
by direct microscopic observations. Although not intended as a check upon 
the porometer, it affords the most extensive comparative investigation yet 
reported. Invariably, there was a direct relation between the porometer 
time and the area of the stomates as determined by the strip method which 
was constantly checked by direct microscopic observation. HArtTsuUIJKER 
(5) after a critical study of the most important methods to determine the 
dimensions of the stomates, concluded that there was a direct relation be- 
tween the porometer time and the area of the stomates as measured by direct 
microscopic observation. He considered that the porometer was an ex- 
tremely useful device for the quantitative investigation of the changes in 
the dimensions of the stomates. 

The rate of the passage of air through the leaf is also influenced by the 
resistance of the cells of the mesophyll. If the intercellular volume were to 
change appreciably during the course of an experiment, the porometer rate 
would be a reflection of this change as well as of changes in the dimensions 
of the stomates. Ntus (12) investigated this question and concluded that 
such changes actually occurred. If Nius’ conclusions are correct, a serious 
and uncontrollable error would affect the accuracy of the porometer method. 
This question was reinvestigated by HarrsutsKer (5) who concluded that 
Nius’ methods contained so many errors that his results were not valid. 
By the use of improved methods of a known small error, he showed that the 
effect of changes in the intercellular volume is extremely small. The writer 
has repeated these experiments of Hartsuijker and confirmed his results 

KNicut (8) showed that some stomates tend to close when air is drawn 
through them continuously. This difficulty is associated with the use of 
high pressures and large displacement of volume. If the pressure used is 


small and the volume of air drawn through the leaf reduced to a minimum, 
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stomatal action appears to be unaffected. The writer has obtained records 
from plants growing under controlled conditions in which the stomates, as 
measured by the porometer, were continuously and evenly open for more 
than twenty-four hours at atime. It would appear that the method itself, 
even though used continuously, does not induce closure. 

The porometer method has several decided advantages when compared to 
other methods. A]] measurements are based on the action of a large number 
of stomates. For comparable results to be obtained by the direct methods, 
several thousands of stomates would need to be measured at each reading. 
Since the porometer reading is determined by the average aperture of the 
stomates, there is a small standard error of replication. The writer has tested 
this point repeatedly and has found the error to be within 3%. The small 
standard error implicit in this method permits accurate measurement of 
small changes in aperture. A further important advantage is that direct, 
continuous records of the movements of the stomates may be obtained under 
either natural or controlled conditions. The writer has obtained continuous 
records for periods of more than four months from plants growing out-of- 
doors. 

The porometer method for determining the apertures of the stomates is 
apparently accurate, and suitable for continuous operation. It is felt that 
the objections which have been raised against this method, are either based 
on insufficient data or have been met by improvements in the method. It 
is considered that for most studies dealing with the effects of environmental 
factors upon the activities of the guard cells, the use of the porometer 
affords the possibility of accurate continuous quantitative measurement. 


The resistance porometer 


Since the porometer method has so many advantages, considerable atten- 
tion was given to the development of a simple, reliable recording instrument. 
The resistance porometer, divised by Grecory and PEarsE (4) is considered 
the most useful for precise continuous measurement of the aperture of the 
stomates under practical conditions. The apparatus which they used in 
recording the behavior of the porometer is both cumbersome and expensive 
and limits the usefulness of the porometer to the laboratory. A recorder 
was devised by the writer which is simple to operate and inexpensive to 
construct and has the additional advantage of requiring a very low pressure 
differential for its operation. 

The method may be explained by reference to figure 1. A leaf, whieh 
when attached to a leaf cup behaves as a variable resistance, is connected 
through a fixed capillary resistance to a vacuum line. A tambour which is 
a flanged metal cup approx. 1” in diameter and ~” deep, sealed at the top with 
a thin rubber membrane, is inserted between the leaf cup and the fixed re- 
sistance to respond to changes in air pressure in the system. A constant 
reduced pressure equivalent to about one em. of water is applied to the open 


end of the fixed resistance. The magnitude of this pressure is controlled by 
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the depth to which the spill-over tube is inserted into the liquid in the pres- 
sure regulator. 

If more air enters through the leaf into the leaf cup than is removed 
through the capillary resistance, the pressure within the system increases 
somewhat, causing the tambour membrane to rise. If less air enters through 
the leaf than is removed through the capillary resistance, the pressure de- 
ereases and the tambour membrane falls. Since the stomates control the 
passage of air through the leaf, the pressure changes reflect the movements 
of the stomates. As the stomates close, entrance of air is restricted and 
finally stopped, the pressure decreases and the tambour falls. As the 
stomates open, air enters the system, the pressure increases, and the tambour 
rises. The movements of the tambour membrane are transmitted by a 
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Fig, 1. Diagram of resistance porometer showing relation of various parts of system. 


multiplying lever to smoked paper on a kymograph drum and a record is 
thus obtained. 

The proper size of capillary resistance can only be ascertained by ex- 
perimenting. If, as suggested by Grecory and PEARSE (4), the thermometer 
tubing used for resistance is cut into segments with lengths in the ratio of 
1:2:2:5:10, then a range of resistances from 1 to 20 can be obtained. 
Student thermometers, cut to a basic unit of 1 em., were used. A glass 
T-tube was attached to both ends of each capillary segment. The tubes 
were then connected by rubber tubing to form a chain consisting of a piece 
of capillary alternating with a T-tube. Such an arrangement leaves an open 
end of a T-tube on either side of each piece of thermometer tubing. If these 
open ends are then joined by a piece of rubber tubing, they form a series of 


by-passes around each piece of thermometer tubing. However, if one of the 
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by-passes is closed with a metal clip, the air must pass through the capillary 
tubing. Thus by regulating the air through either the by-pass or the eapil- 
lary tube, the total resistance in the circuit may be changed from 1 to 20 
without allowing any outside air into the system. If too large a resistance 
is used, the tambour will register normal pressure while the stomates are 
still partly closed because air is not being removed as rapidly as it enters. 
If too small a resistance is used, the tambour will register reduced pressure 
even when the stomates are wide open because air is being removed more 
rapidly than it enters. The system is most sensitive when the fixed capillary 
resistance is equal to the resistance offered by the leaf, but since the leaf 
resistance varies greatly in the course of a day such a relation cannot be 
maintained. The proper resistance is one with which the change in pres- 
sures between fully open and completely closed stomates is within the total 
pressure range of the system. 

In practice this is most easily attained by adjusting the resistances while 
the plant is under conditions which generally promote maximum stomatal 
opening ; i.e., a high light intensity, fairly high humidity, and a temperature 
of between 25° and 30° C. Starting with maximum resistance in the line, 
the resistance is reduced, until the writing arm moves and then holds steady 
indicating slightly less than maximum pressure. 

The leaf cups which are made of thin wall glass tubing, can vary some- 
what in size, cups ranging from 0.9 em. to 2.5 em. in diameter having been 
used successfully. As many as six of the smaller cups, two on each of three 
plants, have been successfully connected on one recorder, thus giving the 
average behavior of the three plants. If the edges of the cups are ground, 
the cement will adhere better than to a smooth surface. The lower ends of 
the small cups are drawn out enough to permit directly connecting them to 
small bore rubber tubing. A one-hole stopper containing a piece of glass 
tubing is inserted in the bottom of the large cups to enable them to be con- 
nected to tubing. The volume of the cups and connecting tubing should be 
kept as small as possible to limit the volume of air in the system, thereby 
decreasing thermometer effects and increasing the speed of reaction to 
changes in stomatal aperture. 

It is frequently difficult to seal leaves to the leaf eups. Numerous ad- 
hesives have been tried with varying success. Anderson found a mixture 
of approximately 1 part beeswax, 2 parts rosin, 2 parts lanolin and 1 part 
grafting wax fairly satisfactory for attaching leaf cups to cotton leaves. 
The writer found that if latex is first exposed to the air until it thickens to 
the consistency of thick cream it can be used to form a tough, air-tight and 
non-toxic seal. The edge of the leaf cup is covered with a layer of latex and 
held in contact with the leaf by means of a light weight until the latex is 
dry. Leaves of plants growing out-of-doors have been sealed to leaf cups 
with latex for more than a month without injury. Of course, the leaves 
must be supported in such a way that movements caused by wind will not 
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Fie. 2. Leaf clip for fastening leaves to porometer cup. 


tear them loose from the rigidly fastened leaf cups. In addition to fasten- 
ing the branches to supports, it is often helpful to hold the leaf in contact 
with the cup by means of a wire support as shown in figure 2. 

The fulerum of the magnifying lever was constructed from parts ob- 
tained from a cheap alarm clock. The clock was dismantled and all the 
gears except the balance wheel removed. Wooden dowels whose diameter 
was equal to the inside diameter of ordinary drinking straws were notched 
and cemented on opposite sides of the balance wheel similar to two spokes 
projecting from the same diameter. A straw with a gravity writing point 
was attached to one of the dowels. A weighted straw was attached to the 
other dowel to act as a counter balance. A hole was drilled in one of the 
spokes of the wheel into which could be inserted a free swinging arm which 
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Fig. 3. Diagram showing construction details of kymograph. A, Big Ben clock; 


B, eight-tooth gear soldered to hour arm; C, forty-eight-tooth gear; D, connecting rod 
of capillary glass tubing; E, Rubber stopper; F, sponge rubber flange with cireumfer- 


ence of four times E; G, kymograph support; H, roller skate bearing; I, kymograph 
drum platform; J, kymograph drum. 
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rested on the tambour. Two bolts were soldered to the top of the frame of 
the clock. The frame was then suspended by means of two screws from a 
metal L. By adjusting the screws, the writing point of the lever may be 
set to rest along any portion of the kymograph drum. 

The construction of the kymograph is explained in figure 3. Although 
the construction was simple and very inexpensive, requiring only one ball- 
bearing roller skate wheel in addition to some gears obtained from the alarm 
clock, the kymograph was quite accurate and reliable. Eight kymographs 
were constructed, no one of whieh varied more than five minutes in twenty- 
four hours. Regular glazed kymograph paper is most suitable although 
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Fic. 4. Traemgs of actual records; (a) twenty-four-hour record of Camellia under 
natural conditions; (b) records of tobacco under successive four hour light and dark 
periods at three different temperatures. 
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legible records were obtained using paper taken from better grade maga- 
zines. The drum, on which has been fastened a sheet of kymograph paper, 
is smoked over an ordinary wing tip burner whose gas supply has been 
bubbled through a wash bottle containing benzene. This procedure gives a 
very smoky flame and is best performed under a hood. After a record has 
been obtained, the paper is removed from the drum and fixed in a dilute 
solution of shellac. 

Figure 4 shows tracings of actual records obtained from plants growing 
under both controlled and natural conditions. The results of scores of such 
records will be published in a later paper. 
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Significant effects of light intensity on the cellular and photosynthetic 
characteristics of Chlorella pyrenoidosa have been described in preceding 
papers (6, 7). These studies required a more or less arbitrary choice of 
other culture conditions, e.g., light quality, temperature, carbon dioxide 
concentration, composition of the nutrient medium, and the population 
density at which cultures are maintained in the continuous-culture appa- 
ratus. Considered herein are the effects of various changes in composition 
of the nutrient medium and in the carbon dioxide concentration. The 
problems are: (1) whether the concentrations of various components of the 
medium are optimal and (2) whether there may be significant effects of 
small changes that might be induced as a reaction in response to other 
variables. 

This investigation depends upon the use of a continuous-culture appa- 
ratus, previously described (5). The data to be presented demonstrate 
the usefulness of the apparatus in studies on nutrient deficiencies in micro- 
organisms. 

Procedure 


Chlorella pyrenoidosa was grown in a modified Knop’s solution in two 
units of the continuous-culture apparatus. The Knop’s solution contained 
0.010 M MgSO,, 0.012 M KNO,, 0.009 M KH.PO,, 13.3 x 10° M Fe.(SO,);, 
56.0 x 10° M sodium citrate, and 1.0 ml./l. each of the A; and B, solutions 
of ARNON (1). The A; solution contained 0.5 parts per million B, 0.05 
p.p.m. Mn and Zn, 0.02 p.p.m. Cu, and 0.01 p.p.m. Mo; the B, contained 
0.01 p.p.m. each of V, Cr, Ni, Co, W, Ti. The medium was prepared from 
stock solutions of the major salts purified by the adsorption procedure of 
Stout and Arnon (8) and adjusted to pH 5.0. 

The culture conditions adopted for reference were the same as those 
used previously, 7.e., a population density of 0.6—0.7 emm. eells/ce., 4.4% 
earbon dioxide, and a temperature of 25° C. A light intensity of 25 fe as 
provided by tungsten lumiline bulbs was chosen because, as shown by the 
previous work, this gives cells with a maximum capacity for photosynthesis. 

In the continuous-culture apparatus a photometric device controls the 
addition of fresh medium to the culture suspension at just such a rate that 
the density of population is maintained approximately constant. Samples 
of the culture suspension are harvested at 24-hour intervals, leaving a known 
amount of inoculum for the next interval. Because of the characteristics 
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of the apparatus, logarithmic growth is continuously maintained. Rate of 
growth is then expressible in terms of the constant k in the equation 
log = kt. In applying the equation N, is expressed as the milliliters 
0 
of inoculum at the beginning of each interval and N as the total milli- 
liters (ml. inoculum + ml. sample) at the end of each interval, t, of one day. 
A new technique for changing the composition of the culture medium 
was introduced. Growth in the complete nutrient medium was maintained 
until growth rate, population density, and photosynthetic characteristics of 
the harvested cells were constant over a period of several days. Thereupon a 
new bottle of culture medium with a changed (or zero) concentration of some 
one component (e.g., iron) was inserted. As growth continued the culture 
medium in the chamber changed (was diluted) in respect to the varied 
component. Population density was held constant, and growth expressed 
itself only in volume of fresh medium added each day. The actual con- 
centration of the varied component at any time could therefore be caleu- 
lated. An assumption required is that the distribution of the component 
between cells and fluid was constant and independent of the concentration 
in the fluid. This is probably not entirely valid and in this respect the 
quantitative estimation of the actual concentrations is rendered uncertain 
for large changes. However, the interpretation of the results of a change 
in concentration or deficiency of any component is in no way affected. 
Photosynthetic characteristics were studied manometrically by the 
Warburg technique at a temperature of 25° C. as previously described (7). 
Cells were immersed in Knop’s solution (pH 4.5) saturated with 4% carbon 
dioxide and the rate of oxygen evolution calculated on the basis of an 
assimilatory quotient of —0.90. Cell volumes were determined on duplicate 
aliquots by centrifuging in Van Allen thrombocytocrit tubes as previously 
described (6). Rates of photosynthesis could then be expressed in emm. 
O./hr./emm. cells. The rate of photosynthesis measured under conditions 
of light and carbon dioxide saturation is herein described as the capacity for 
photosynthesis. 


Results 


Comparison of population densities of 0.5 emm. to 1.5 emm. cells ‘ce. 
has revealed no significant differences in the subsequent photosynthetic 
behavior of the cells. At the higher population densities the growth rate 
is somewhat lower, however, a result of increased mutual shading and 
slightly lower effective light intensity. For subsequent work, therefore, a 
density of 0.5 emm. to 0.7 emm. cells /ce. has been adopted as a convenient 
working range. 


EFFECTS OF MAJOR SALT CONCENTRATION 


Data of an experiment designed to find the effects of changing the major 
salt concentration by the dilution technique described above are presented 
(table 1). A culture was grown for a period of six days on Knop’s solution 
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TABLE I 
EFFECTS OF THE MAJOR SALT CONCENTRATION 
ReLativecon- | +f e Capacrry Fort |. 
Day CENTRATION AT yer amg PHOTO- Bi 8 ms 
END OF DAY pate SYNTHESIS Be dn 
a oe 1.0 | 0.47 ag ee igi 
Insert 2X concentration of major salts 
7 ' 1.65 0.45 
8 1.88 0.46 
9 1.95 0.43 46 | 
10 1.98 0.44 47 5.7 
Insert zero concentration of major salts 
11 0.68 | 0.46 5.9 
12 0.23 0.47 46 
13 0.089 0.43 47 7.0 
14 0.046 0.28 19 7.0 
N 
. (log x) 24 hrs. 
+o 


+t emm. O,./hr./emm. cells. 


at its usual concentration. At the end of the sixth day a new bottle of 
medium was inserted containing twice the usual concentration of the major 
salts. From the amount of daily inoculum and daily harvest the relative 
concentration calculated for the end of each day is expressed in the second 
column. By the tenth day the major salt concentration had nearly doubled 
without appreciable effect on growth rate or the capacity of the cells for 


TABLE II 


EFFECTS OF DEPLETION OF IRON 


FE CONCENTRA- 








Day TION AT END OF GROWTH CAPACITY FOR CHLOROPHYLL 
; pay RATE PHOTOSYNTHESIS | CONCENTRATION * 
1 Insert Knop’s containing zero Iron; original 
} £ g 


concentration had been 13.3 x 10-5 M 


7 0.049 x 10 0.41 2 9.6 
8 0.020 0.39 43 

Q 0.0097 0.32 37 9.7 
10 0.0044 
11 0.0021 0.34 38 8.2 
12 0.0010 0.31 33 
13 0.00049 0.3 23 6.8 
14 0.00025 0.30 18 


Insert Knop’s containing 0.133 x 10-5 M Iron 


15 0.048 
16 0.096 0.36 43 
17 0.128 0.41 42 9.1 


* In arbitrary units/emm. cells (5). 
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photosynthesis. A bottle of medium was then inserted containing zero 
concentration of the major salts. Continued dilution of the major salt 
concentration finally gave rise to a reduced rate of growth and capacity for 
photosynthesis. In respect to these characteristics, however, it is apparent 
that the cells were insensitive to the major salt concentration over approxi- 
mately a twenty-fold range. In the light of earlier work by Myers (4), the 
development of the relatively high pH of 7.0 probably indicates a complete 
removal of nitrate from.the medium on days 13 and 14 of the experiment. 
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Fie. 1. Light intensity curves of photosynthesis for cells harvested on days 1, 11, 
12, and 13 of the experiment described (table II). Values on the curves represent eal- 
culated iron concentrations at the time of harvesting. Rate=ecmm, O./hr./emm., cells 
measured in Knop’s + 4.4% CO,. 





EFFECTS OF IRON CONCENTRATION 


Results of the dilution technique applied to the study of iron concentra- 
tion are given (table II).. Growth rate, capacity for photosynthesis, and 
chlorophyll concentration were but slightly affected during the 270-fold 
drop in iron concentration over a six-day period. Further dilution of iron 
was accompanied by a decrease in all three of the cellular characteristics 
examined. Effects of iron depletion are shown in terms of the light in- 


tensity curves of photosynthesis for cells harvested at days 1, 11, 12, and 
13 and labelled with the calculated iron concentrations prevailing at the 
time of harvesting (fig. 1). Any one of the lower curves can be made 
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to fit approximately the upper curve by multiplying all points by a single 
factor. No apparent differential effects of iron concentration on the ‘‘ pho- 
tochemical’’ and ‘‘dark’’ processes are detectable in this experiment. 


EFFECTS OF MICROELEMENT CONCENTRATIONS 


With the usual iron concentration of 13.3 x 10° M it was impossible to 
demonstrate any effects of depletion of the A, or B, microelement solutions 
by the dilution technique. The iron concentration was thereupon reduced 
to 0.1383 x10°M. Effects of depletion of the A; solution could then be 
noted (table III). It is apparent (as previously noted by others) that iron 


TABLE III 


EFFECTS OF DEPLETION OF THE A. SOLUTION 
(Original concentration = 1.0 ml./liter; contains B, Cu, Mn, Mo, Zn; 
. Iron concentration 0.133 x 10° M) 


FRACTION OF 





Day | ORIG. CONCEN- GROWTH CAPACITY FOR CHLOROPHYLL 
; | TRATION AT END RATE PHOTOSYNTHESIS CONCENTRATION 
OF DAY 
2-5 1.0 0.45 47 9.3 
Insert Medium Containing Zero A, 
6 | 0.35 0.45 47 
7 0.13 0.43 44 
5.3 


8 0.078 0.22 11 
salts without special purification contain appreciable amounts of the 
requisite microelements. No further attempts have been made to determine 
critical levels or effects of deficiency of any of the individual microelements 
of the A; solution since this is beyond the scope of the present work. Even 
with the lowered iron concentration, no effects of depletion of the B, solu- 
tion could be observed. 


EFFECTS OF HYDROGEN ION CONCENTRATION 


The Knop’s solution used for growth throughout these experiments was 
initially adjusted to pH 5.0. This gave a pH of about 5.8 in the culture 
suspension. Changes in initial pH such that the culture suspension was 
maintained at pH 5.2 or pH 6.7 revealed no significant effects on the photo- 
synthetic behavior of the harvested cells. However, at higher pH iron 
slowly. precipitated despite the added citrate, and at lower pH the suspen- 
sions foamed badly and the algae tended to deposit on the upper walls of 
the chamber. A pH of culture of about 5.8 seemed to be an optimum for 
practical operation. 


EFFECTS OF CONCENTRATION OF CARBON DIOXIDE 


Comparative data on the effects of provision of air and 4.4% carbon 
dioxide in air on the subsequent photosynthetic behavior of the cells are 








MYERS: NUTRIENT MEDIUM AND PHOTOSYNTHESIS 595 


TABLE IV 


EFFECTS OF CARBON DIOXIDE CONCENTRATION 


CARBON DIOXIDE 








. CAPACITY F 
GROWTH RATE PACITY FOS 





PROVISION i PHOTOSYNTHESIS 
PEERS a oniee hakuele parce REP 
4.4% 0.45 43 
| 0.26 | 34 


Air 


shown (table IV and fig. 2). The actual concentrations of carbon dioxide 
available to cells in the growth chambers is not known. Changes of from 
2% to 5% earbon dioxide in the influent gas mixture have been found to 
be without effect on the growth rate of subsequent photosynthetic activity 
of the cells. It is therefore assumed that aeration with 4.4% carbon dioxide 
provides a saturating concentration for photosynthesis. In a culture 
aerated with air, however, the calculated rate of carbon dioxide utilization 
approaches the rate of provision in the influent air. The effective concen- 
tration in the culture must be considerably less than the initial 0.039% in 
the influent air. This is borne out by the observation that in air growth 
rate is dependent on rate of aeration (carefully controlled in the above 
experiment) while in 4.4% carbon dioxide growth rate is independent of 
aeration rate. 

It has already been shown (7) that at 25 fe growth rate is proportional 
to light intensity and therefore probably determined by rate of photosyn- 
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Fig. 2. Light intensity curves of photosynthesis for cells grown at different eon- 
centrations of carbon dioxide. Values on the curves indicate carbon dioxide composi 
tion of the influent air of the growth chambers. Rate =emm. O./hr./emm. cells mea- 
sured in Knop’s + 4.4% CoO.. 











596 PLANT PHYSIOLOGY 


thesis. EMERSON and GREEN (2) have shown that in C. pyrenoidosa rate 
of photosynthesis is independent of carbon dioxide concentration down to 
less than 0.05%. On these grounds also one may predict a limiting rate of 
provision of carbon dioxide on aeration with air. The problem of rate of 
provision of carbon dioxide has been discussed previously (4). 

Limited provision of carbon dioxide during growth gives rise to cells 
with a lowered capacity for photosynthesis at high light intensities (Black- 
man rate) as indicated (fig.2). On the other hand, limiting carbon dioxide 
has no effect on the subsequent rates of photosynthesis at low light intensity 
(photochemical rate). 

Further work on effects of limited carbon dioxide provision had been 
planned. Unfortunately, cells grown under these conditions tend to cling 
to the sides of the chamber so that further work along this line has been 
abandoned due to the technical difficulties involved. 


Discussion 


The techniques described above offer a new approach to the general 
problem of evaluating the critical concentration of any substance required 
in the nutrition of a microorganism. Comparison with the conventional 
method is illustrated by consideration of the work of Hopkins and WanN 
(3) on the iron requirement for Chlorella. By addition of graded amounts 
of iron they were able to determine: (1) the minimum concentration at 
which growth would take place and (2) the amount of iron per culture re- 
quired to allow development of a maximum crop of cells. The second type 
of determination is a rather general one although it merely indicates how 
great the initial concentration must be to prevent its becoming a limiting 
factor in the growth of a culture. In contrast to either type of information 
afforded by this method, the technique introduced above allows an estima- 
tion of the minimum concentration needed to support a maximum rate of 
growth. Quantitative comparison of these data with those of Hopkins and 
Wann is impossible since they used a different strain of Chlorella, a differ- 
ent concentration of citrate, and were then unaware of microelement re- 
quirements which must have been provided in their iron. It is clear, how- 
ever, that quite different physiological characteristics are studied by the 
two methods. 

It is also apparent that the continuous-culture technique is neatly 
adapted to studies of the specific effects of nutrient deficiencies or of m- 
hibitors on microorganisms. Any given nutrient or inhibitor can be main- 
tained continuously in a culture at any desired level and cells withdrawn 
periodically for physiological study. 


The work herein reported was undertaken primarily to continue a survey 
of the effects of various culture conditions on photosynthetic characteristics 
of Chlorella. It has been found, in regard to the composition of the nutrient 
medium, that the concentrations originally chosen more or less arbitrarily 
give cells with optimum growth rate and capacity for photosynthesis. Small 
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changes in these concentrations, which might be induced by changes in other 
conditions, are without appreciable effects. 


Summary 

1. Chlorella pyrenoidosa was grown in a continuous-culture apparatus. 
Composition of the nutrient medium, carbon dioxide concentration, and 
population density were studied for their effects on growth and subsequent 
phytosynthetie behavior. 

2. Growth and photosynthetic behavior are relatively insensitive to large 
changes in the composition of the medium. The major salt concentration 
may be varied about 20-fold, iron 270-fold, A; microelement concentration 
3-fold, hydrogen ion 30-fold, all without effect. 

3. Limited provision of carbon dioxide during growth yields cells with a 
lowered capacity for photosynthesis. 

4. The data presented demonstrate the usefulness of the continuous-eul- 
ture technique in studies on nutrient deficiencies in microorganisms. 


This work was accomplished with the technical assistance of JAmEs A. 
JOHNSTON and was supported by a grant from the University of Texas 
Research Institute. 

UNIVERSITY OF TEXAS 

AvusTIN, TEXAS 


LITERATURE CITED 


1. Arnon, D. I. Microelements in culture-solution experiments with higher 
plants. Amer. Jour. Bot. 25: 322-325. 1938. 

2. Emerson, R., and Green, L. Effect of hydrogen-ion concentration on 
Chlorella photosynthesis. Plant Physiol. 13; 157-168. 1938. 

3. Hopkins, E. F., and Wann, F.B. Iron requirement for Chlorella. Bot. 
Gaz. 84: 407-427. 1927. 

4. Myers, J. The growth of Chlorella pyrenoidosa under various culture 
conditions. Plant Physiol. 19: 579-589. 1944. 

0. , and CuiarK, L. B. Culture conditions and the develop- 
ment of the photosynthetic mechanism. II. An apparatus for the 
continuous culture of Chlorella. Jour. Gen. Physiol. 28: 103-112. 
1944. 

6. . Culture conditions and the development of the photosyn- 
thetic mechanism. III. Influence of light intensity on cellular 
characteristics of Chlorella. Jour. Gen. Physiol. 29: 419-427. 
1946. 








~ 





Culture conditions and the development of the photosyn- 


thetic mechanism. IV. Influence of light intensity on photosyn- 
thetic characteristics of Chlorella. Jour. Gen. Physiol. 29: 429- 
440. 1946. 

8. Stout, P. R., and Arnon, D. I. Experimental methods for the study of 
the role of copper, manganese, and zine in the nutrition of higher 


plants. Amer. Jour. Bot. 26: 144-149. 1939. 








A FURTHER INVESTIGATION OF THE REPLACEMENT OF 
BORON BY INDOLEACETIC ACID! 


ROBERT MACVICAR AND W. E. TOTTINGHAM 


Received May 13, 1946 


It has been reported (2) that low concentrations of indoleacetie acid in 
the nutrient solutions supplied to cotton seedlings will partially replace 
boron for growth in cultures deficient in this element. This finding consti- 
tutes a fundamental advance in the elucidation of the role of boron in the 
metabolism of the plant. The further implication of auxins in respiration 
(1) and growth indicates that boron might function through some relation- 
ship with these enzyme systems. It was believed desirable, therefore, to 
attempt to confirm this work and extend it to other and more suitable experi- 
mental plants. 

Experimental data 

Plants were grown in washed silica sand in varnished clay pots. Seed- 
lings of suitable size, germinated in either sand or soil, were transplanted 
into sand which had been thoroughly leached with distilled water. The fol- 
lowing experimental plants were used: cotton, unknown variety ; 


var. Russian Mammoth; tomato, var. Early Baltimore; tobacco, var. Mary- 


sunflower, 


land Mammoth ; and soybean, var. Manchu no. 3. Four replications of each 
treatment were made with the exception of the series harvested on June 21, 
1941. In this case only three replications were employed. 

The composition of the nutrient solutions was as follows: 


KH.PO, 0.0018 M 
K,HPO, 0.0012 M 
Ca(NO,). 0.0042 M 
CaCl, 0.0011 M 
Me(NO,). 0.0021 M 
MgSO, 0.0011 M 
NH,NO, 0.0042 M 


During periods of low light intensity ammonia nitrate was omitted from the 
solution. Minor elements were included in the concentrations recommended 
by Hoacianp (3). In series 1 the solution was supplied twice daily by a 
manually operated air pressure type subirrigation system. In series 2, ap- 
proximately 500 ml. of nutrient solution was supplied manually each day. 
Unbalanced solution was removed by weekly leaching with distilled water. 
The indoleacetie acid was supplied in the nutrient solution at a level of 1 
p.p.m. when the subirrigation culture was employed. In the latter series it 
was added separately and cumulatively each day in such amounts as to pro- 

1 Published with the approval of the Director of the Wisconsin Agricultural Experi- 
ment Station. 
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duce a concentration of 0.2 p.p.m. in the solution, assuming saturation of 
the sand. 

Normal greenhouse conditions prevailed. During periods of high light 
intensity, plants were kept in whitewashed houses having intensities of ap- 
proximately 1000 foot candles. This was similar to the intensity employed 
by Eaton (2). Summer temperatures varied between 65° to 90° F. during 
the day and 60° to 80° F. during the night. Winter temperatures were 65° 
to 70° F. and 60° to 65° F., respectively. Photoperiods were normal during 
the summer months and were lengthened to 16 hours by means of incandes- 
cent lamps during the winter. 












TABLE | 


EFFECT OF INDOLEACETIC ACID ON GROWTH OF PLANTS IN THE PRESENCE AND 
ABSENCE OF BORON IN THE NUTRIENT MEDIUM 





SERIES 1. 













DAYS oF WET WEIGHT DRY WEIGHT 
PLANT, TREATMENT, | TAA OF TISSUE OF TISSUE DRY MATTER | Top 
AND DATE OF SAMPLING | TREAT- | PER PLANT PER PLANT Roor 
—s | Top | Roor Top | Roor Top | Roor 
gm, gm, gm, gm. / % 
June 26, 1941 
Sunflower, CN' 41.7 15.9 3.73 0.80 8.9 5.0 4.6 
$6 CN-B 15.3 6.2 1.61 0.40 9.5 6.5 4.0 
ore CN +TAA! } 15 40.0 16.9 3.17 0.95 7.9 5.6 3.5 
ee om IAA-B | 15 18.2 6.7 1.65 0.44 9.) 6.6 3.8 
Cotton, CN 21.8 8.9 2.27 0.52 9.6 5.9 4.4 
- CN-B 8.1 3.8 1.08 0.32 10.3 8.4 3.4 
o¢ CN+IAA 15 19.4 | 6.95 2.13 0.36 11.0 5.2 5.9 
<> CN +IAA-B | 15 12.3 8.3 1.14 0.47 9.3 5.6 2.4 
Soybean, CN 28.6 18.9 4.26 1.27 14.4 6.7 3.0 
sani CN-B 18.9 | 15.8 2.83 1.05 15.0 6.0 3.8 
“s CN+IAA 15 32.6 20.9 4.71 1.35 14.4 6.5 2.9 
ah CN +IAA-B 15 15.8 | 13.2 2.72 0.95 15.5 Ta 2.9 
Dee. 13, 1941 
Tobaeceo, CN 253.6 32.8 20.80 2.68 9.2 8.2 7.8 
S CN-B 101.0 15.4 9.99 1.52 10.9 9.9 6.6 
nis CN+IAA 65 252.7 41.7 21.98 3.61 10.4 8.7 8.3 
es CN +IAA-B | 65 167.7 21.6 14.42 1.86 7.5 8.6 7.8 





1CN, complete nutrient; IAA, indoleacetie acid. 
2 Concentration 1.0 p.p.m. in nutrient solution, 






Under the conditions used, boron deficiency symptoms appeared in those 
plants not receiving this element without regard to the presence or absence 
of indoleacetic acid. No compensatory action was noted either in the time 
of onset or degree of intensity of deficiency symptoms. This observation 
was substantiated by anatomical observations of the stems.2 Examination 
of sections of stem taken at the fourth internode from the stem tip showed 
the necrotic areas typical of boron deficiency in the region of the first formed 
xylem and the surrounding xylem parenchyma cells regardless of the pres- 
ence of indoleacetie acid in the culture. 









Examination of the data showed that in only one instance was there any 






2 Appreciation is expressed to B. ESTHER STRUCKMEYER, Department of Horticul- 
ture, University of Wisconsin, who prepared and examined these sections. 
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significant increase in the dry weight of boron deficient plants receiving in- 
doleacetic acid (tables I and II). In this instance, the tobacco harvested on 
December 19, 1941, was significantly higher when indoleacetic acid was sup- 
plied. It had been noted, however, that the symptoms of boron deficiency 
appeared somewhat earlier in those plants receiving indoleacetic acid and 
more secondary tissue was produced from developing axillary buds. Re- 
newed growth in such circumstances is frequently observed in tobacco that 
has become severely deficient (5). It is believed that the somewhat greater 
mass of tissue produced by plants receiving indoleacetic acid may have 
been principally due to the earlier appearance of initial symptoms. No 
significant correlations of moisture content or root-top ratios to the presence 
or absence of either boron or indoleactic acid were found. 


Discussion 

It is recognized that the technique employed in this study differed in 
several major respects from that of Earon (2). He used unaerated solu- 
tion culture and produced symptoms of boron deficiency at a much earlier 
stage of growth than is possible under normal conditions in sand cultures. 
Whether any protective action of indoleacetic acid in conditions producing 
boron deficiency is more efficient in the seedling than in the more mature 
plant is, as yet, undetermined. The concentration of indoleacetie acid, 
moreover, was higher in the sand culture experiments. 

It may be that other environmental factors are involved in the differ- 
ences of results obtained. Eaton noted that the protective action of indole- 
acetic acid was largely nullified by high light intensities (2), and it may be 
that this effect is more pronounced in the older plants. It has also been 
observed that the severity of boron deficiency may be accentuated by high 
levels of calcium (6). The solution employed in this study contained higher 
levels of calcium ion than did that used by Eaton in his study. HoAguanp 
and SNypErR (4) have suggested that the degree of aeration of nutrient solu- 
tions may be related to the severity of boron deficiency. Suitable conditions 
for repeating these experiments under more rigidly controlled conditions of 
light intensity and other environmental factors are not available to us. 
Elucidation of a possible relation between boron and the auxins, however, 
might well provide valuable insight into the metabolic function of both. 

Examination of the data indicates, however, that under the conditions 
employed any appreciable replacement of boron by indoleacetie acid in 
growing plants was absent. Whether or not it occurs under more suitable 
and limited environmental conditions is still unknown. 


Summary 
No significant alleviation of boron deficiency by indoleacetic acid was 
noted in sand culture under normal greenhouse conditions with tomato, 
cotton, sunflower, soybean, and tobacco plants. 
UNIVERSITY OF WISCONSIN 
MADISON, WISCONSIN 
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Introduction 


Freshly harvested seed of Asystasia gangetica L., an ornamental shrub, 
does not germinate well under ordinary conditions. This seed normally 
requires a storage period of several months at room temperature before it 
germinates. The purpose of this investigation is to determine the require- 
ments for germination of the seed at different ages. 

The literature on the use of alternating temperatures to break the dor- 
maney of seeds is voluminous, and no attempt will be made here to refer to 
all of the reported cases. Harrineton (2) extensively studied the use of 
alternating temperatures to increase the germination of seeds of grasses 
and garden crops. Morrtnaga (3) increased the germination of Bermuda 
grass seed with alternating temperatures. TooLe (4) also used alternating 
temperatures to improve the germination of other grass seeds. It has been 
the experience of the author that the germination of seeds of some of the 
grass species grown on Hawaiian ranges is materially improved by the use 
of alternating temperatures (1). 


Methods 


Seeds used in the investigation reported herein were harvested at 
maturity from Asystasia plants grown on the Hawaii Agricultural Experi- 
ment Station grounds. Curing was effected by storing the seeds at room 
temperature conditions until they were used for germination tests. 

Germination tests were conducted in Petri dishes using filter paper 
moistened with distilled water. Ovens and cold storage chambers were 
used for temperature variations. Temperatures employed consisted of : 
6.6°-10.2°, 15.0°, 20.8°-28.0° (room temperature), 29.9°—33.2°, and 36.0° C. 
and combinations of these for the alternating temperatures. For tempera- 
ture alternations, the Petri dishes with the seeds therein were transferred 
from one temperature to another at regular intervals. The schedule of 
daily alternating temperatures listed in table I was followed, and except 
in some unavoidable cases, the daily 8-hour period extended from 8 A.M. to 
4 p.m. and the 16-hour period from 4 p.m. to 8 A.m. the following day. The 
number of seeds used for the germination tests varied from 25 to 100 seeds 
per treatment. In a few cases where the seed supply was sufficient, re- 
plicated tests were conducted. 

1 Published with the approval of the Director as Technical Paper no. 155 of the 
Hawaii Agricultural Experiment Station. 
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Results 


Results of many tests to increase the germination of freshly harvested 
seed of Asystasia indicated that temperature has a marked influence on 
germination and that the alternating temperature treatment is the most 
effective. At continuous temperatures the dormant seed does not germinate 
as well as at alternating temperatures. Whatever temperature treatment 
is necessary to break the dormancy, a minimum temperature of approxi- 
mately 20° C. must be provided for actual germination. 

Removal of the seedcoat of normally dormant seed produces a germina- 
tion of approximately 75% at room temperature, whereas the intact seed 
produces no germination or at best a very low germination. The maximum 
germination produced by this treatment, however, is not so high as the 


TABLE I 


SCHEDULE OF DAILY ALTERNATING TEMPERATURE TREATMENTS 


PERIOD AT PERIOD AT 


TEMPERATURE ALTERNATION LOWER | HIGHER 
TEMPERATURE | TEMPERATURE 
inchoate . eee Sak | ae " 
oC, hours hours 
6.6-10.2 to 15.0 8 16 


6.6—10.2 to 20.8-28.0 
(room temperature) 


8 
6.6—10.2 to 29.9-33.2 8 16 
6.6—10.2 to 36.0 8 16 
15.0 to 20.8—28.0 s 16 
15.0 to 29.9-33.2 8 16 
15.0 to 36.0 & 16 
20.8—28.0 to 29.9-33.2 16 Ss 
20.8—-28.0 to 36.0 16 8 


29.9-33.2 to 36.0 16 8 
germination (about 90% and over) obtained by the use of optimum alter- 
nating temperatures. 

After performing a number of germination tests with seeds harvested 
at different times, it became apparent that seeds of different ages respond 
differently to the various temperature treatments. Attempts were then 
made to determine the temperature requirement for maximum germination 
at different ages (since harvest). A complete tabulation of all of the data 
is not included in this report, but a compilation of some of the results ob- 
tained in these trials is recorded in table II and a résumé of all tests con- 
ducted on different lots of seed harvested at various times is presented in 
table III which shows the temperature requirement for germination of seed 
of different age groups. 

From tables II and III it is seen that for germination after one week of 
curing, the fresh seed requires a severe temperature treatment, and as the 
seed ages, this treatment becomes less and less severe until finally the seed 
requires no special treatment and germinates at room temperature (20.8°- 


28.0° C.). When the seed is only two to seven days old, it requires an 





AKAMINE: GERMINATION 


TABLE II 


ASYSTASIA 


EFFECT OF TEMPERATURE VARIABLES ON THE GERMINATION OF Asystasia gangetica L. 


SEED SINCE 
HARVEST* 


days 





SEED OF DIFFERENT AGES 


TEMPERATURE TREATMENT 


Alternating 


se 
sé 
ce 
ee 


‘es 


Continuous 
Alternating 
oe 


Alternating 
oe 


Continuous 
Alternating 
sé 


Continuous 


Alternating 
se 


ae 


Alternating 
ee 


Continuous 
Alternating 
oe 


Continuous 


Alternating 
ee 


Alternating 
Continuous 
Alternating 


Continuous 
Alternating 
oe 


Continuous 


Alternating 
Continuous 


Alternating 
Continuous 


°c, 
6.6—10.2 to 20.8-—28.0 
(room temperature ) 
6.6—10.2 to 29.9-33.2 
6.6—10.2 to 36.0 
15.0 to 20.8—28.0 
15.0 to 29.9-33.2 
15.0 to 36.0 
20.8—28.0 
20.8—28.0 to 29.9-—33.2 
20.8—28.0 to 36.0 
6.6—10.2 to 29.9-33.2 
6.6—10.2 to 36.0 
20.8—28.0 
20.8—28.0 to 29.9-33.2 
20.8—28.0 to 36.0 
29.9-33.2 
36.0 
6.6—10.2 to 29.9-—33.2 
6.6—10.2 to 36.0 
15.0 to 20.8—28.0 
15.0 to 29.9-33.2 
15.0 te 36.0 
20.8—28.0 to 29.9-33.2 
20.8—28.0 to 36.0 
6.6—10.2 to 20.8—28.0 
6 6—10.2 to 29.9-33.2 
6.6-10.2 to 36.0 
20.8—28.0 
20.8—28.0 to 29.9-33.2 
20.8—28.0 to 36.0 
29.9-—33.2 
36.0 
15.0 to 20.8—28.0 
20.8—28.0 to 29.9-33.2 
20.8-28.0 to 36.0 
15.0 to 20.8—28.0 
20.8-28.0 
20.8-28.0 to 29.9-33.: 
20.8—28.0 to 36.0 
20.8—28.0 
20.8-28.0 to 29.9-—33.2 
20.8—28.0 to 36.0 
29 .9-33.2 
36.0 
15.0 to 29.9-—33.2 
20.8—28.0 
20.8-28.0 to 29. 
29.9-33.2 


36.0 





| 


No. OF 
SEEDS USED 


* Seed cured and stored at room temperature conditions. 


GERMI- 
NATION IN 
TWO WEEKS 


% 


51.7 
67.2 
51.7 
86.0 
88.0 
63.0 
1.7 
84.7 
93.2 
91.9 
100.0 
v0 
30.0 
60.0 
0.0 
26.1t 
97.4 
68.4 
93.0 
94.0 
76.0 
44.7 
50.0 
94.7 
90, 
84 
5. 
79 
87 
12. 


29.3 


visite l 


t Even though germination at 36.0° C. was superior to that at 29.9°-33.2° C., it is 
probable that the higher temperature is excessive for germination of the seeds continu- 
ously exposed to it because injury to the seeds was apparent at this temperature. 
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alternation between room temperature and 36.0° C. for germination. When 
the seed is 8 to 14 days old, it requires a more drastic treatment—an alterna- 
tion between the lowest and the highest temperatures used. This differ- 
ence in the germination requirement in the two age groups is probably due 
to the fact that in one case the seed—especially the seedcoat—is not fully 
cured, thus requiring a less severe treatment, whereas in the other, the seed 
is fully cured, thus requiring more extreme temperatures in the alternation. 
When the seed is older than 14 days, it requires less and less drastic treat- 
ment for germination as the seed ages. Finally when the seed is 135 days 
old and older it germinates normally at room temperature. 


TABLE III 


THE OPTIMUM TEMPERATURE CONDITIONS FOR MAXIMUM GERMINATION AT THE VARIOUS 
AGES OF THE SEED OF Asystasia gangetica L. 


AGE OF 
SEED SINCE TEMPERATURE REQUIRED FOR MAXIMUM GERMINATION 
HARVEST* 
days °C, 
2to7 Alternating 20.8-28.0 (room temperature) to 36.0 
8 to 14 wi 6.6—10.2 to 36.0 
15 to 26 sit: 6.6—10.2 to 29.9-33.2 
27 to 36 “ 6.6—-10.2 to 20.8—28.0 
37 to 82 *: 15.0 to 20.8—28.0 
83 to 88 =" 20.8—28.0 to 36.0 
89 to 134 - 20.8—28.0 to 29.9-33.2 
135 to 168 Continuous 20.8-28.0 or alternating 20.8—28.0 to 29.9-33.2 





* Seed cured and stored at room temperature conditions. 


Discussion 


Since removal of the seedcoat promotes germination at room tempera- 
ture, though not to a degree of alternating temperatures, it seems that the 
cause of dormaney in the freshly harvested seed of Asystasia mainly lies 
in the nature of the seedeoat. The difference in germination percentage 
resulting from the removal of seedcoat and the use of alternating tempera- 
tures is probably due to the more favorable influence of the alternating 
temperatures on the respiration process of the seed. The seedcoat readily 
allows passage of water, but it probably restricts the passage of gases in- 
volved in respiration. Removal of the seedcoat might eliminate this ob- 
struction to gas movement. 

A higher germination with alternating temperatures than with con- 
tinuous temperatures was obtained in dormant Asystasia seed (table IT). 
HARRINGTON (2) states that the beneficial effect of alternating temperatures 
on germination is due not to the specific effect of the extreme temperatures 
of the alternation or to the mean temperature of the alternation but to the 
changes in the temperatures. Since removing the seedcoat allows for 
germination, it seems probable that the alternating temperatures render 
the intact seedcoat more permeable to essential materials required for 
germination. 
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Since the severity in the temperature alternation necessary for germi- 
nation decreases with the increase in age gf the seed (tables II and III), it 
seems that normally the change m permeability comes about through the 
aging (after 7 days) of the seedcoat. Perhaps simultaneously the after- 
ripening process proceeds as the seed ages. Thus with the aging of the seed, 
the severity of the temperature treatment required for germination de- 
creases until finally when the seedcoat is no longer an obstruction to essential 
materials the seed germinates under ordinary conditions. 


Summary 


1. Freshly harvested seed of Asystasia gangetica L. does not germinate 
well at room temperature. 

2. After a period of approximately 135 days in ordinary storage, it 
germinates readily at room temperature. 

3. Seeds between the ages of 8 and 134 days require an alternation of 
temperatures for germination, the severity of which is related to the age of 
the seed—the younger the seed the more severe the required treatment and 
vice versa. 


The author is gratefully indebted to Dr. Harry F. CLements, Plant 
Physiologist, Hawaii Agricultural Experiment Station, for his aid in the 
preparation of the manuscript and to H. Kamemoro of the Horticulture 
Department for making the seed available. 
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Introduction 


While conducting physiological studies on the development of color in 
Florida oranges, it was observed that frequently midseason fruits developed 
a rich orange color when they were growing on the northwest side of the tree 
and a pale yellow color when growing on the southeast side. It appeared 
that this difference in color of the fruits was in some way related to the 
unequal exposure to sunlight and quite possibly the result of different 
amounts of ultraviolet light received. A few tests were therefore made to 
determine the effects of ultraviolet irradiation on pigment development in 
fruits in the hope that the information obtained might contribute to a better 
understanding of color development in citrus fruits. Preliminary studies 
indicated that ultraviolet irradiation of harvested, mature-green oranges 
retarded the rate of degreening of these fruits but did not in any way effect 
the yellow pigments. The conditions in the laboratory in these experiments 
were not quite comparable to those existing in the grove because oranges do 
not show an increase in carotenoid pigments after removal from the tree. 
However, it was not practicable to subject the oranges to ultraviolet irradi- 
ation while they were still attached to the tree. The only alternative was to 
select a fruit which had been shown to increase in carotenoid pigments after 
removal from the parent plant. It was for this reason that subsequent 
experiments were conducted with fruits of the tomato (Lycopersicon escu- 
lentum). 


Materials and methods 


Mature green tomatoes were sorted into lots of 10 to 20 each, the fruits 
in each lot being comparable in regard to size and degree of maturity.” One 
lot (original sample) was analyzed immediately for chlorophyll and caro- 
tenoid pigments. Other lots were given ultraviolet irradiation by means of 
a ‘‘Sterilamp’” placed 18 inches above the fruits. The position of the 

1 Now Professor of Biology, University of Pittsburgh, Pittsburgh, Pennsylvania. 

2 The term ‘‘ mature green’’ is applied to green tomatoes that will ripen after removal 
from the vine. They consist of fruits that have advanced from the dark green to the light 
green stage. However, since these changes are progressive and since the fruits are selected 
entirely by appearance, the term actually represents a range rather than a specifie stage 
of maturity. In making up the experimental lots an attempt was made to select fruits of 
a uniform color. 

’ According to Westinghouse Company, manufacturers of the ‘‘Sterilamp,’’ energy 
is emitted by this lamp in wave lengths ranging from 2537 to 5780 Angstrom units, with 
the lower wave lengths representing 83.03% of the total. The intensity at a distance of 
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tomatoes was reversed during the period of exposure in order to permit both 
stem-end and blossom-end to reveive an equal amount of irradiation. A 
stream of air directed over the irradiated fruits prevented the temperature 
from rising above that of the control lot. Following the irradiation the 
tomatoes were held in the 70° F. room until the majority of the control fruits 
were fairly well colored. In most cases the fruits were given a preliminary 
treatment with ethylene gas, in order to shorten the time required for 
ripening. 

Total chlorophyll and total carotenoid pigments were determined by a 
method reported previously (2, 3). Essentially, the method consisted of 
extraction of the fresh pulp with acetone, transferring the extract to petro- 
leum ether, and purifying. The chlorophyll was separated by saponification 
and determined colorimetrically by means of a Clifford photometer. The 
total carotenoids (remaining in the petroleum ether) were likewise deter- 
mined colorimetrically. Total acidity was determined by extracting 100 
grams of the pulp with boiled distilled gater, filtering, and titrating the 
filtrate with standard NaOH. Details of this method have been published 
elsewhere (1). 

Results 

The results obtained in the first experiment are presented in table I. It 
will be noted that at the end of the ripening period all of the fruits in lot 2 
(no irradiation) were either pink or red. Lot 3 (3 hours’ irradiation) con- 
tained seven pink and no red fruits, while lot 4 (5 hours’ irradiation) con- 
tained six pink fruits and one red fruit. The others in these two lots were 
either green or turning. That the exposure to ultraviolet light retarded 
ripening was evidenced by both the failure to lose the green color and the 
failure to produce the orange red pigments. 

In order to express the data quantitatively the fruits were analyzed for 
chlorophyll and carotenoid pigments. These data are also presented in 
table I. The sample taken at the beginning of the experiment (lot 1) con- 
tained 2.85 milligrams of chlorophyll and 0.417 mg. of carotenoid pigments 
per 100 grams of flesh. After the two days’ ripening period the control lot 
contained 0.55 mg. of chlorophyll and 1.662 mg. of total carotenoids per 100 
grams. The two irradiated lots had not lost as much chlorophyll nor had 
they produced as great a quantity of carotenoid pigments as the control lots 
during the same time. Lot 3 (irradiated 3 hours) contained 1.12 mg. of 
chlorophyll and 1.125 mg. of total carotenoids. Lot 4 (five hours’ irradi- 
ation) contained 1.00 mg. of chlorophyll and 1.140 mg. of total carotenoid 
pigments per 100 grams of flesh. In other words, the control lot had pro- 
dueed at least 45% more carotenoid pigments than had the irradiated lots. 

Table II shows the effect of ultraviolet irradiation on the subsequent 





18 inches would be equal to 150.19 microwatts per square centimeter. The shortest meas- 
urable rays in solar radiation are approximately 2900 Angstrom units. It is thus apparent 
that the radiations from the Sterilamp were not equivalent to the ultraviolet radiation in 
sunlight. 
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TABLE I 


EFFECT OF ULTRAVIOLET IRRADIATION ON SUBSEQUENT RIPENING OF TOMATO FRUITS 











NUMBER OF FRUITS IN EACH 








& | 
| PERIOD OF COLOR GROUP Toran | fora. 
Lor | a ——| CHLORO- | “Stee 
IRRADIATION a sais | CAROTENOIDS 
| GREEN ~~ | PINK Rep | ef 
| | ING 








| | mg./100 gm. | mg./100 gm. 
0 


1 | 0 (orig. sample) 10 | | 0 0 2.85 0.417 
2* | 0 (control) ee ee ls 5. | 0.55 | 1.662 
3 3 hours an Pee cee NY S..4 1.12 1.125 
4 | 5hours 3 | 2 1 | 1.00 | 1.140 





* Record made of lots 2, 3, and 4 after two days in ethylene. 


ripening of Rutgers tomatoes. It is significant that there were no fully ripe 
tomatoes in any lot except the one receiving no irradiation. In fact, there 
were no pink fruits in any irradiated lot except number 4 (two hours’ irradi- 
ation), which contained eleven. Some of the fruits in this lot may have been 
more mature than others when sorted. Except for those in lot 4 none of the 
irradiated fruits had progressed beyond the ‘‘green”’ or ‘‘turning’’ stage 
at the end of the ripening period. 

Table III shows the results of a second experiment conducted with Rut- 
gers tomatoes in Florida. The original sample contained 2.13 mg. of chloro- 
phyll and 0.225 mg. of total carotenoids per 100 grams of flesh. After two 
days in ethylene and five days in air at 70° F. the control lot had lost all of 
its chlorophyll and had produced 5.24 mg. of total carotenoids per 100 grams 
of flesh. As in previous experiments the fruits in the irradiated lots lost less 
chlorophyll and produced less carotenoid pigments than did those in the 
control lots. The values for these two lots expressed as mg. of pigment per 
100 grams of flesh are as follows: Lot 3 (two hours’ irradiation), 1.19 mg. of 
chlorophyll and 2.120 mg. of carotenoids; lot 4 (four hours’ irradiation), 
1.00 mg. of chlorophyll and 0.657 mg. of carotenoids. 


TABLE II 


EFFECT OF ULTRAVIOLET IRRADIATION ON SUBSEQUENT DEVELOPMENT OF 
COLOR IN GREEN TOMATOES* 





| NUMBER OF FRUITS IN EACH COLOR GROUP 
PERIOD OF — - 
Lor IRRADIATION 
ait , | GREEN TURNING PINK RED 

1 0 (orig. sample) | 18 0 0 0 

2 0 (control) 7 5 2 + 

3 1 hour ~ 10 0 0 

+ | 2 hours 2 | 5 11 0 

5 3 hours 9 9 0 0 

6 | 4 hours 14 4 0 0 


* Record on all but original sample made after two days in ethylene and five days in 
air at 70° F. 
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It seemed desirable at this time to determine whether ripening processes, 
other than development of color, were affected by the ultraviolet light. 
Accordingly the pulp of the fruit in the last experiment was analyzed for 
total acids. The control lot contained 0.540% acid; the lot receiving two 
hours’ irradiation, 0.630% ; and the lot which was irradiated four hours eon- 
tained 0.755%. These data indicate that exposure to ultraviolet light retards 
the loss of acidity in green tomatoes. 


TABLE III 


EFFECT OF ULTRAVIOLET IRRADIATION ON TOTAL CHLOROPHYLL, CAROTENOIDS, AND 
ACIDS IN GREEN TOMATO FRUITS* 





PERIOD OF 
IRRADIATION 


CHLOROPHYLL CAROTENOIDS 


mg./100 gm. mg./100 gm. 

(orig. sample ) 2.13 0.225 
(control ) 5.240 0.540 

2 hours 1.19 | 2.120 0.630 
hours 1.00 1.657 0.755 








* Record on all but original sample made after two days in ethylene and five days in 
air at 70° F. 


Discussion 


When a mature green tomato is removed from the vine it will, under satis- 
factory conditions, lose its green pigment and develop a good red color. The 
green pigment disintegrates and a considerable quantity of the orange-red 
pigments is manufactured. Ultraviolet irradiation has been shown to arrest 
both the destruction of the green and the production of the orange-red pig- 
ments. Smith (4) has reported that lycopene formation in tomatoes is 
favored by protection from the light whereas exposure to light is conducive 
to the development of carotene. Since lycopene constitutes the bulk of the 
carotenoid pigments in ripe tomatoes, it is apparent in these experiments that 
ultraviolet irradiation inhibits formation of lycopene. 

A maturing orange, while still on the tree, is much like a tomato in that 
the chlorophyll is decreasing while the carotenoid pigments are increasing. 
Once an orange is removed from the tree, however, the green pigments dis- 
appear, revealing the yellow pigments that have been manufactured up to 
this point, but there is no increase in carotenoid pigments after the orange 
has been harvested. This is the reason that the oranges that have been 
degreened with ethylene usually have a pale yellow and not a deep orange 
color. 

Chromatographie analyses in this laboratory have indicated that while 
there is a certain amount of carotene in orange rinds, the deep orange color 
is due to lycopene. This applies to the highly colored oranges of the Manda- 
rin type, to the sweet oranges grown in the northern part of Florida, and 
even to midseason oranges produced on the northwest side of the trees. 

Evidence that ultraviolet light in the sun prevents the formation of pig- 
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ments in the exposed fruits on the southeast side of the tree is therefore only 
circumstantial and should not be taken too seriously, but it suggests that this 
is a field which should be explored for both practical and scientifie reasons. 


Summary 


Exposing mature green fruits of the tomato (Lycopersicon esculentum) 
to the rays of an ultraviolet lamp tended to retard subsequent ripening. The 
irradiation retarded the loss of chlorophyll, the development of carotenoid 
pigments, and the reduction of acidity. 
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Introduction 


Soil moisture in Cinchona growing regions may fluctuate greatly with 


seasonal changes in rainfall; prolonged droughts are experienced almost 
annually. On the other hand, during the peak of the rainy season the 
same soils may remain at or near saturation for extended periods. For 
example, at the Toro Negro National Forest in Puerto Rico, where Cinchona 
is being grown experimentally, the 23-year-average rainfall for two-week 
periods from January 1 to March 25 was 2.04 inches with frequent periods 
of drought. In the current year only 0.21 inch fell during January. From 
August 13 to November 18 rainfall averaged 5.69 inches for two-week 
periods. The average total annual rainfall for 23 years was 96.37 
inches (4). 

The above extremes in soil moisture may be expected to exert marked 
influence on the growth and composition of Cinchona. HErINIcKE, BOYNTON 
and Reutwer (3) demonstrated that a flooded (poorly aerated) soil pro- 
duced symptoms in the apple typical of boron deficiency when the soil was 
not deficient in that element. It was also indicated that lack of oxygen in 
the soil interfered with the absorption of nitrogen and potassium. WAGER 
(6) showed that avocado plants were more susceptible to disease if grown 
in a flooded soil than if watered normally. 

During the first year from seed, Cinchona plants are primarily herba- 
ceous. It is during this tender stage that soil moisture is most likely to be 
a critical factor affecting growth. Since the plants are grown in palm-leaf- 
covered nurseries during this stage it is fairly easy to correct a deficiency 
of soil water by irrigation, but more difficult to prevent an excess during 
the rainy season. Cinchona nursery plantings have been observed which 
were apparently healthy during three-fourths of the year, but with the 
advent of heavy daily rains during the peak of the rainy season the plants 
developed symptoms typical of nutrient deficiencies and many succumbed 
to fungus attack. 

The experiment reported here was designed to study the effect of low, 
medium, and high levels of soil moisture on growth and alkaloid content 
of young Cinchona ledgeriana seedlings under controlled conditions. 
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Materials and Methods 

In March 1946 seedlings of Cinchona ledgeriana were transplanted to 
soil in conerete benches located in three air-conditioned greenhouse cham- 
bers, described elsewhere (7). The bench in each chamber was divided 
into three randomized plots each about 25 inches square. The plots were 
separated by a double partition of boards spaced 4 inches apart. One hun- 
dred and forty-five pounds of a uniform mixture of soil were placed in each 
plot. The soil consisted of equal parts of clay loam, silica sand, peat moss, 
and leafmold. The wilting point was 9.5% moisture and the field capacity 
approximately 36%. The wilting coefficients were determined as the per- 
eentage of moisture remaining in the soil at the time of permanent wilting 
of soybean plants growing in the soil. With this information on soil mois- 
ture characteristics it was possible to establish treatments as follows: (1) 
Low soil moisture ranging between 9 and 13%, (2) medium soil moisture 
ranging between 18 and 24%, and (3) high soil moisture ranging between 
30% and field capacity. 

The Cinchona seedlings were selected for uniformity and were about 4 
inches high when transplanted. Sixteen seedlings, five inches apart, were 
planted to each plot. 

The temperature in all chambers was maintained at 75° F. during the 
day and 65° F. at night. In the previous experiment (7) this temperature 
was found to be the most favorable for growth of C. ledgeriana. Relative 
humidity was maintained as high as possible by continually spraying the 
floors with water. During the middle of the day relative humidity usually 
dropped to 60 or 70% but most of the time it ranged between 80 and 95%. 

All plots were watered uniformly at regular intervals through March 
and most of April. On April 25 all plots were watered to field capacity 
and then allowed to dry gradually until the wilting percentage was ap- 
proached on June 14. Samples for soil moisture determinations were taken 
at weekly intervals during the drying period and from these data the ap- 
proximate rate of water loss in each plot was caleulated. Since the weight, 
volume, wilting point, and field capacity of the soil were the same in each 
plot it was possible to determine fairly closely the amount of water needed 
to bring the soil moisture content to the desired levels. 

At the time the differential soil moisture treatments were begun on June 
21 the soil moisture in all plots was near the wilting point. Different vol- 
umes of water were added to the various plots in order to raise the level of 
soil moisture to the maximum percentage for each treatment range. For 
example, sufficient water was added to the low-moisture plots to bring the 
level to 13%, to the medium-moisture plots to bring the level to 24%, and 
to the high-moisture plots to bring the level to field capacity. The approxi- 
mate volume of water necessary thereafter for each plot was determined 
from tables prepared from data obtained as described above. The required 


volume of water for each plot was applied uniformly over the entire area 
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with a sprinkling can. At intervals of 7 to 10 days soil plugs 4 inch in 
diameter were taken from four locations in each plot. Each plug extended 
to the entire depth of the plot so that the moisture percentage obtained rep- 
resented a fair average of the volume of soil in which the roots were dis- 
tributed. After the sample was taken the holes were filled and a new loca- 
tion sampled at the next date. The percentages of soil moisture were 
determined from the loss in weight of soil dried for 24 hours at 105° C. 
From the soil moisture data thus obtained it was possible to estimate the 
approximate time required for a plot to reach the point when water should 
be needed. Also, maintenance of the desired soil moisture percentages was 
facilitated by the fact that the rate of water loss by transpiration and 
evaporation was fairly uniform due to controlled temperature and humidity 
in the chambers. 

The experiment was terminated on January 6, 1947, at which time the 
soil was washed from the roots. Data on height and fresh and dry weights 
were obtained and the top-root ratio was calculated. The roots and stems 
were analyzed for quinine and total alkaloids by the method described by 
LoustaLor and PagAn (5). The leaves were analyzed for ash, nitrogen, 
phosphorus, potassium, calcium, and magnesium by the methods outlined by 
Drosporr and PAINTER (1). 

Results 
EFFECT OF SOIL MOISTURE ON GROWTH AND ALKALOID CONTENT 


Figure 1 shows a weekly record of the soil moisture percentage in the 
three plots of replication Number 1 at the various sampling dates from 
June 18, 1946, to January 4, 1947. These data are typical of those from 
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Fie, 1. A typical soil moisture record for plots maintained at high-, medium-, and 
low-moisture levels. Growth of Cinchona seedlings in these plots is shown in figure 2. 


the other two replications. There were some rather wide fluctuations in 
soil moisture at first, particularly in the medium-soil-moisture plots, but 
with additional experience it was possible later to control the soil moisture 
within the designated range. The moisture level that fluctuated the least 
and consequently was the easiest to control was the low-soil-moisture treat- 
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Fie. 2. Left to right: typical Cinchona plants grown in plots maintained at high, 
medium, and low levels of soil moisture. Note crinkling and spotting of tip leaves of 
plant grown in high soil moisture on the left (see also figure 3 


ment. Only sufficient water was supplied in this treatment to keep the 
soil moisture about 1 to 3% above the wilting percentage of 9.5. Although 
on several occasions the soil moisture dropped below the wilting percentage, 
there was no pronounced evidence of wilting. This was probably due to 
the fact that the temperature in the chambers was cool and the humidity 


9099 


(3 Fs G7 s es 


Fig. 3. Leaves of Cinchona showing from left to right progressive stages of disease 





symptoms on plants subjected to continuous high-soil-moisture conditions. 











cate 





se ea 


a eT ET 


EMP CERT RTE A 


SER RRS at» 











LOUSTALOT ET AL.: GROWTH OF CINCHONA 617 


relatively high, a situation similar to that occurring in most commercial 
cinchona plantations. 

About three months after the treatments were started, small yellow spots 
which later became necrotic appeared systematically between the veins of 
leaves of plants in the high-soil-moisture plots (figs. 2 and 3). This dis- 
order which somewhat resembles magnesium deficiency (2) or manganese 
toxicity in other plants later became more pronounced and occurred on 
nearly all the plants in the high-soil-moisture treatment. Some of the plants 
lost as much as three-fourths of their foliage. A few of the plants in the 
medium- and low-soil-moisture plots showed these symptoms but the inci- 
dence was less than one-tenth that in the high-soil-moisture plots. This dis- 
order often has been observed on young cinchona trees in the station plant- 
ing at Toro Negro at 3,200 feet elevation. It is not certain if the disease 
is pathological or physiological or a combination of both, but it is clear that 
a high-soil-moisture condition is associated with it. 

It is evident from data in table I that seedlings grown at the low-soil- 


TABLE I 


SURVIVAL AND GROWTH OF Cinchona ledgeriana UNDER LOW-, MEDIUM-, AND 
HIGH-SOIL-MOISTURE CONDITIONS 








SOIL MOISTURE AV. AV. FRESH | AV. DRY Dry | Sur TOP-ROOT 
TREATMENT HEIGHT WEIGHT WEIGHT | MATTER | VIVAL RATIO 
em. gm. gm. % % 
Low 
(9 to 138%) 38.9 23.9 6.3 26.4 95.8 6.3 
Medium 
(18 to 24%) 56.4 45.8 | to2 | 22.2 97.9 | 8.4 
High 
(30% to field capacity ) 64.3 | 45.7 9.9 | 21.7 95.8 7.0 
| 


moisture level made less growth as measured by height and fresh and dry 
weights than seedlings grown at medium- and high-soil-moisture conditions. 
These differences were significant at the 1% level. As might be expected, 
the percentage of dry matter in the plants grown in low soil moisture was 
significantly higher than that in plants from the two other treatments. The 
differences in height and fresh and dry weights between plants grown in 
medium and high moisture were not statistically significant. 

Survival was good and fairly uniform in all treatments; it was slightly 
but not significantly higher in the medium-soil-moisture plots. The top- 
root ratios of the plants grown in medium and high soil moisture were not 
significantly different from each other, though both were significantly 
greater than the top-root ratio of plants grown under low-soil-moisture con- 
ditions. 


The total alkaloid and quinine-sulfate content of the roots and stems 
are given in table II. The roots of plants grown under medium- and high- 
soil-moisture conditions contained significantly higher total alkaloid and 
quinine sulfate than the roots of plants grown under low-soil-moisture con- 
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TABLE II 


TOTAL ALKALOID AND QUININE SULFATE IN ROOTS AND STEMS OF Cinchona ledgeriana 
GROWN UNDER LOW-, MEDIUM-, AND HIGH-SOIL-MOISTURE CONDITIONS 








Sot, MowsTuRE TOTAL ALKALOIDS QUININE SULFATE 
ss ace eae STEMS Roots STEMS Roots 
% %e | %e % 
Low 
(9 to 13%) 1.90 3.49 0.99 1.77 
Medium 
(18 to 24%) 1.87 4.00 0.83 1.84 
High 
(30% to field capacity) 1.78 2.87 | 0.96 | 1.90 








ditions. There was no statistically significant differences in the total 
alkaloid content of the stem nor of the quinine sulfate content of the stems 
and roots of the plants in the three treatments. 


EFFECT OF SOIL MOISTURE ON MINERAL COMPOSITION 


From the data presented in table III it is apparent that the soil mois- 
ture treatments had a moderate effect on the mineral composition of the 
leaves. The percentages of ash, calcium, and magnesium were somewhat 
higher in the leaves from plants grown under low-soil-moisture conditions 
than in those from plants grown under medium- and high-soil-moisture con- 
ditions. Leaves from plants grown under high-soil-moisture conditions 
contained the lowest percentage of ash, calcium, and magnesium, while 
leaves of plants from the medium-soil-moisture plots were intermediate with 
respect to these constituents. The reverse situation was true, however, with 
respect to the nitrogen, phosphorus, and potassium contents of the leaves. 
Leaves from plants grown in low-soil-moisture plots contained significantly 
the least of these elements. There was no significant difference between 
the contents of these elements in leaves from plants grown in high- and 
medium-soil moisture. 


TABLE Ill 


MINERAL COMPOSITION OF Cinchona ledgeriana LEAVES FROM PLANTS GROWN UNDER 
HIGH-, MEDIUM-, AND LOW-SOIL-MOISTURE CONDITIONS* 


TOTAL PHOS PoTas Mac- 


| 
SOIL MOISTURE , 
i tangs | ASH : CALCIUM lees al 
TREATMENT NITROGEN | PHORUS SIUM NESIUM 
% % yd Go % % 
Low 
(9 to 18%) 4.99 1.86 0.19 0.71 0.77 0.55 
Medium 
(18 to 24%) 4.65 2.21 0.23 1.02 0.69 0.43 
High 
(30% to field capacity) | 4.23 2.35 0.25 1.09 0.57 0.41 
s 


* Expressed as percentage of dry weight. 
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Summary 

1. Seedlings of Cinchona ledgeriana were grown in greenhouse chambers 
under high-, medium-, and low-soil-moisture conditions at Mayaguez, Puerto 
Rico. The temperature was automatically controlled and the humidity was 
maintained relatively high. 

2. Leaves of seedlings grown under high-soil-moisture conditions devel- 
oped necrotic spots between the veins and many of them eventually yellowed 
and abscissed. This disorder, which resembles magnesium deficiency or 
manganese toxicity in other plants, has been commonly observed in the sta- 
tion field plantings at Toro Negro National Forest, Puerto Rico. 

3. Seedlings grown under low-soil-moisture conditions were significantly 
shorter with a lower top-root ratio and less fresh and dry weight, but a 
higher percentage dry matter than seedlings grown under either medium- or 
high-soil-moisture conditions. 

4. Total alkaloid and quinine sulfate in roots of seedlings grown in 
medium and high soil moisture were significantly higher than those in roots 
of seedlings grown in low soil moisture. 

5. Percentages of ash, calcium, and magnesium were highest in plants 
grown in low soil moisture and lowest in plants grown in high soil moisture. 
The nitrogen, phosphorus, and potassium contents, however, were signifi- 
cantly the least in plants grown in low soil moisture. 
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DISTRIBUTION OF THIAMIN AND RIBOFLAVIN IN THE 
TOMATO PLANT! 


Fevix G. GUSTAFSON 
Received March 30, 1947 


The vitamin content of plant material has been extensively studied 
during the last few years but these studies have dealt almost exclusively 
with single organs of a plant, such as fruits or other edible part, and only 
a few have been concerned with the distribution of these vitamins within 
the plant. The investigations that have had as their objective the deter- 
mination of the quantity of a particular vitamin in different parts of a 
plant have, in general, shown that the young parts contain more vitamin 
than the older parts. Lampirr, BAKer, and PArkinson (8) found that 
ascorbic acid was present in highest concentration in young leaves and 
young tubers of the potato plant. Rytz (9) found that in the pea plant 
there was a decrease in thiamin as the plant aged, the leaves always con- 
taining more than the stem, which had a higher concentration than the roots. 
Flower buds were on par with young leaves. BurKHOLDER and McVEIGH 
(3) observed that in corn seedlings the embryo leaves contained most thia- 
min and, as the leaves became older, there was a decrease. The same authors 
(4) found that thiamin, riboflavin, niacin, and B, (the antianemice factor) 
increased in the buds of trees as they opened but again there was a decrease 
as the leaves matured. On the other hand, BurKHOLDER and Snow (5) 
noted that in forest trees the buds contained more thiamin than the leaves. 
BonNER (1) and BoNNErR and DorLanp (2) found that the youngest tomato 
leaves contained the highest concentration of thiamin, riboflavin, and panto- 
thenie acid. There was also a gradient in the stem with the younger part 
having more vitamin than the older part. The roots had a higher concentra- 
tion of riboflavin and pantothenic acid than any part of the stem, but 
thiamin was present in a higher concentration in the voung stem than in 
the root. 

The present work has as its purpose to extend the work on distribution of 
vitamins in the tomato plant. 


Methods 


The method developed by ConNor and Srravus (6, 7) for combined ribo- 
flavin and thiamin determination has been used throughout the work, with 
only some slight modifications necessary in the use of plant material. In 
this method the plant material is first homogenized and then extracted with 
0.05 N H.SO, solution at a temperature of boiling water for a period of 
one hour with occasional stirring. The extract is digested with clarase at 

1 Paper from the Department of Botany of the University of Michigan, no. 846. 
This investigation has been aided financially by the Horace H. Rackham Trust Fund of 
the University of Michigan. di 
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a pH of 4.5 for two hours at a temperature of 45° C. to break down the 
cocarboxylase which is a pyrophosphate ester of thiamin. Next the digest 
is centrifuged for 45 minutes at 2,500 rpm. Twenty-five milliliters of the 
clear solution is slowly dropped, first onto activated Decalso then onto 
Florisil ; the former adsorbs the thiamin and the latter the riboflavin. The 
adsorbents are held in place by a small amount of glass wool in 15-milliliter 
special tubes, and the tubes are so arranged that the solution runs from the 
one with Decalso into the one with Florisil. After the solution has run 
through the tubes the adsorbents are washed with 35 ml. of hot distilled 
water. The tubes are next separated and the thiamin is eluted with hot 
25% KCl to a volume of 40 ml. Five-milliliter aliquots are oxidized with 
alkaline potassium ferricyanide to thiochrome, which is taken up in 15 ml. 
of isobutyl alcohol. The isobutyl alcohol is separated by centrifugation, 
pipetted off, and any water removed with anhydrous sodium sulfate. The 
fluorescence of the thiochrome contained in the isobutyl] alcohol is deter- 
mined by a lumetron fluorimeter. The isobutyl alcohol, clarase, and per- 
haps the plant material itself, contains some material fluorescing in ultra- 
violet light; thus an unoxidized, as well as an oxidized, aliquot is run from 
each sample. The fluorescence of the unoxidized aliquot is subtracted 
from that of the oxidized aliquot and the difference is the fluorescence due 
to the thiamin present in the plant material. Repeated tests of the clarase 
have shown it to be free from thiamin. For standardization of the light 
intensity in the lumetron a quinine sulfate solution having a concentration 
of 27 meg./ml. is used. 

The adsorbed riboflavin is eluted with 20% pyridine-2%% acetie acid 
solution and made up to a volume of 50 ml. Aliquots of 15 ml. are pipetted 
into brown Erlenmeyer flasks and the foreign substances which may also 
fluoresce are oxidized by 1% potassium permanganate, the excess of which 
is destroyed by 3% hydrogen peroxide. The riboflavin is determined in the 
lumetron by its yellow-green fluorescence in blue light. It has been found 
that the clarase contains some riboflavin and therefore a control is run with 
clarase and its fluorescence in blue light is subtracted from the plant sample 
to get the fluorescence due to the riboflavin in it. For standardization of 
the light intensity a 0.1 meg./ml. solution of sodium fluorescein is employed. 
All of these determinations must be done in subdued light because ribo- 
flavin is destroyed by light. 

Caleulations are made by the use of standard curves obtained by the 
use of known concentrations of thiamin and riboflavin. 

The plant material has been the John Baer tomato grown in the green- 
house. As the experiments have extended over a considerable period of time 
the plants have been exposed to different light conditions, but as no compari- 
sons are made between different experiments this does not matter. 


Results 


In this investigation attempts have been made to gain information on the 
general distribution of thiamin and riboflavin in the tomato plant. In the 
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first few experiments the apical part of the plant, including the immature 
stem and leaves, and mature leaves were used. Later a more extensive 
examination of the plant was made in which leaves of four different ages, 
obtained from different levels of a tall plant, were employed. Both of these 
sets of experiments are recorded in Section One of table I. It will be noted 
that the immature leaves and stem apex contain the most thiamin and ribo- 
flavin, and there is a gradual decrease in the concentration of these vitamins 


TABLE I 


THIS TABLE IS A SUMMARY OF A NUMBER OF EXPERIMENTS IN WHICH VARIOUS COMPARISONS 
AS TO CONCENTRATIONS OF THIAMIN AND RIBOFLAVIN HAVE BEEN MADE. THE FIGURES 
DENOTE MICROGRAMS PER GRAM OF FRESH MATERIAL. DIFFERENT GROUPS OF EXPERI- 

MENTS ARE REFERRED TO AS SECTIONS FOR READY REFERENCE TO THE TEXT 


SECTION Date | PART OF PLANT USED THIAMIN RIBOFLAVIN 
- - 
I 12-13 Immature leaves and stem oa 3.07 
12-20 Mature leaf, (only blade) 1.2 3.50 
Whole mature leaf 0.46 2.17 


Whole leaves from different parts 
of stem 


5-4 a. Immature leaves 3.69 1.57 

».26 2.83 

5-6 b. Mature leaves—18 in. below a 1.07 1.47 

0.92 1.82 

e. Mature leaves—15 in. below b 0.23 1.34 

0.67 1.20 

d. Pale green with yellow markings 0.77 1.12 

0.08 1.01 

Il 1-15 Only leaf blade—mature leaf 0.29 2.05 
1.61 1.20 

2-11 Rachis and petiole 0.00 0.50 

0.04 0.32 

Stem near leaf insertion 0.06 0.50 

0.3 0.45 

III 2-5 Apical part of plant 1.22 1.60 
1.23 2.05 

6-8 | Middle part of plant 0.46 0.86 

0.27 1.01 

Roots 0.15 1.02 

0.23 0.99 

IV 4-13 Leaves 0.77 1.41 
0.92 0.77 

4-15 Ripe fruits 0.73 0.53 

0.46 0.48 


as the leaves age. An apparent exception to this is the result for the ex- 
periment of May 4, in which the concentration of the thiamin is higher in 
the oldest leaves than in the ones just preceding them. The reason for 
this is that the oldest leaves used in this experiment were very old and some 
were partly dead with dry margins. This would increase the dry weight. 
Even under these conditions the riboflavin showed a steady decrease with 
the age of the leaves. These experiments are confirmations of BONNER’s 
findings (1) some years ago for the tomato plant, and agree with investiga- 


tions of other plants where it has been shown that the young parts of a 
plant are richest in vitamins. 
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In the experiment of December 13, Section One of table I, only the leaf 
blade was used of the mature leaf and the thiamin content was essentially 
the same as that of the immature leaf and stem and the riboflavin concen- 
tration was even higher, whereas in another experiment run a few days later 
the whole mature leaf was quite low in these vitamins, thiamin especially. 
This led to an investigation of the distribution within the leaf and the stem 
to which the leaf was directly attached. Section Two of table I shows two 
of these experiments; the second one was run 13 months later than the 
first one. It is to be observed that the rachis and petiole contain no or 
very little thiamin and less riboflavin than the blade. The thiamin con- 
centration was very low in the first experiment and that may account for the 
lack of the vitamin in the rachis and petiole in this experiment; in the later 
experiment, however, the thiamin was quite high in the blade and yet the 
rachis and petiole were practically devoid of thiamin. The difference in 
the riboflavin concentration was somewhat less in the different parts. These 
experiments demonstrate clearly that the blade is richer in thiamin and ribo- 
flavin than either the rachis and petiole of the leaf or the stem to which the 
leaf is directly attached. 

It was also desirable to investigate the roots. For this purpose plants 
grown in nutrient solution were used. he two experiments cited under 
Section Three of table I were made on plants 13-16 inches tall in the first 
experiment and 24-26 inches tall in the second experiment. The second 
lot of plants were about three months old. Taking the two experiments to- 
gether the roots contain a little less thiamin than the leaves and stems of 
the middle portion of the plant and much less than the apical part, but 
the riboflavin is not essentially different in the roots and the middle portion, 
though here also the apical part is much richer in vitamin. The two experi- 
ments cited in table I were made four months apart and the results are 
essentially the same, though the plants were grown under different light 
and temperature conditions and the plants in the later experiment were 
more vigorous than those in the earlier one. 

One more group of experiments was set up to examine the relation 
between vitamins and tissue. In this group of experiments immature 
leaves and stems were obtained from the main apex of plants of different 
age-groups. The results are recorded in table I]. The youngest plants 
always contained the lowest concentration of both thiamin and riboflavin, 
but the former showed a much greater difference. It is very surprising 
that the youngest plants, which have the highest physiological activity, had 
the lowest vitamin content. This can be explained in a number of ways. 
One might consider that a precursor for the vitamin is built up slowly and 
in some other part of the plant and as the plant becomes larger it produces 
more of this substance which is then activated in the young part of the plant. 
It could also be considered that a larger and older plant has accumulated 
more stored material which is used in the synthesis of the vitamins. As 
the days get longer and lighter in the spring it takes less time for this ma- 
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terial to accumulate and in April it has reached a sufficient level in three- 
months-old plants, whereas that was not true in January when the days 
were short and dark. 

Most of the data available on the tomato in the literature is on the fruit 
and as these experiments are concerned with the distribution in the whole 
plant a comparison between fruits and leaves has also been made. Section 
Four in table I shows two such experiments made in April. In one experi- 
ment the difference is very large but in the other it is small as to the thiamin 
concentration, but the riboflavin is always much more abundant in the leaves 
than in the fruits. Experiments made in January give a greater difference 
in both vitamins between the leaves and fruit than the later experiments. 
These findings are a little different from those reported by Witson and 
WirHner (10) who found that the thiamin concentration was always greater 
in the fruits than in the leaves and roots, but conversely the leaves had more 
riboflavin than the fruits. They used five varieties of tomato but not John 
Baer. 

Discussion 


While no experiments have been made to determine the effect of light on 
the formation of the thiamin and riboflavin there seems to be considerable 
evidence that light influences the synthesis of thiamin. In nearly all in- 
stances where determinations were made several months apart those made 
later when the days were longer and brighter had the higher concentration. 
This is specially well brought out in table II. No light measurements were 
made so naturally one cannot speak too authoritatively in this connection, 
but the general trend makes one suspect that light furthers the synthesis 
of thiamin, either directly or indirectly. The light does not seem to in- 
fluence riboflavin nearly so much. 

The great difference in thiamin and riboflavin concentration in the 
apical region of plants of different ages is very puzzling but as explained 
earlier it must be due to a larger amount of precursor produced in the 
larger plants. If this precursor or perhaps merely labile food material is 
conducted to the growing regions where the thiamin is synthesized the larger 
the photosynthesizing area the more of this material will be available. Un- 
doubtedly there would be reached an age or size after which there would 
be no further increase as the capacity of the synthesizing region has also 
been reached. It will be seen from table II that as far as the riboflavin is 
concerned this seems to have been reached in plants three months old in the 
April experiments, though perhaps not in the thiamin synthesis. This view 
is further strengthened by the fact that as more light becomes available 
for photosynthesis the difference between the young and old plants becomes 
less. 

There seems to be very little doubt as to the tissue in which the synthesis 
takes place. The leaves are much richer in vitamins than any other part 
of the plant and when the leaf is divided into blade, rachis, and petiole, 
the blade has practically all of the vitamin of the whole leaf. One might 
then think that there is a close relationship between photosynthesis and 
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thiamin synthesis, but that need not be true. Leaves are active growth 
centers and there is no reason why vitamin synthesis should not also take 
place there, even though it is not in any way connected with photosynthesis. 


Summary 

The distribution of thiamin and riboflavin in the tomato plant has been 
investigated, and it has been found that: 

1. The immature leaves and stem have the highest concentration of these 
vitamins. 

2. In mature leaves practically all of the vitamin is in the blade of 
the leaf. 

3. The roots have as much riboflavin as the middle part of the plant 
but much less than the apical part of the plant. 

4. The roots have considerably less thiamin than the middle part of 
the plant. 

5. There is an increase in the thiamin and riboflavin in the tip of the 
tomato plant as it increases in age or size, at least up to 4 to 5 months. 

6. The mature leaves contain more of these vitamins than do the ripe 


fruits. 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, MICHIGAN 
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THE ABSORPTION OF PHOSPHORUS AND IRON FROM 
NUTRIENT SOLUTIONS’ 


C. M. Franco AND W. E. Loomis 


(WITH FIVE FIGURES) 


Received March 19, 1947 


Two of the more popular solutions for experimental culture of plants 
show a striking variation in the amounts of phosphorus used. Shive’s so- 
called best solution, R;-C, (4) contains 2.45 gm. per liter or 0.018 mols of 
KH.PO,, partly as a source of phosphorus, but more perhaps as an acid 
buffer tending to maintain the solution at pH 4.5-5.0. Hoagland’s 1940 
solution (2) on the other hand contains only 0.068 gm. per liter or 0.0005 
mols of the same salt. The Shive solution thus contains 36 times as much 
phosphorus as the equally successful Hoagland solution. As a portion of a 
general study of ion balance in nutrient solutions we have compared the 
growth, color and phosphorus absorption of several plants in these mixtures 
and in two experimental solutions ; the first (‘‘X’’) somewhat resembling the 
Hoagland solution, but carrying more than half of its nitrogen as NH,NO,, 
and the second (‘‘P’’) being a modification of Zinzadzé’s buffered solution 
(6) carrying a moderately high concentration of phosphorus as a colloidal 
precipitate of the tricalcium salt and with the nitrogen again added as 
NH,NOs. 

Methods 


Plants were grown in quart mason jars with cork stoppers (3). Four 
seedlings in each jar were thinned to two to obtain maximum uniformity. 
Five replicates were used for each treatment and some of the experiments 
were repeated as many as five times. Corn (Zea mays), broccoli (Brassica 
oleracea var. italica), soybeans (Glycine max), tomatoes (Lycopersicon escu- 
lentum), sunflowers (Helianthus annuus), cotton (Gossypium hirsutum), 
and rice (Oryza sativa) were used in a main test of growth rates in April 
and May of 1945; corn, soybeans, and rice were used in June and July of 
the same year for studies of phosphorus absorption. Some of the plants were 
grown to fruiting, but, because of the small size of the culture jars, most of 
the work, including the phosphorus analyses, was done with plants 4 to 6 
weeks old. 

Concentrations of the salts used in grams per liter and of the various 
ions in millimols are shown in table I. Lron was furnished by 10 ml. of a 
0.1% solution of ferric tartrate at each change of solutions and by 1.0 ml. 
additions of the same solution one to three times a week as required. All 
solutions received 1.0 p.p.m. of boric acid and 0.5 p.p.m. of ZnSO, at each 
change. After the seedling period of 2-3 weeks, solutions were changed at 

1 Journal Paper No. J—1434 of the Iowa Agricultural Experiment Station. Project 
896. 


627 








628 


PLANT PHYSIOLOGY 


TABLE I 


CONCENTRATIONS OF SALTS IN GRAMS PER LITER AND OF IONS IN MILLIMOLS 


FOR FOUR NUTRIENT SOLUTIONS 


HOAGLAND 








SALT OR ION 1940 (**H’’) | (“g” 
gm./l. gm./l. 
NH,NO, 
KNO, 0.506 
Ca(NO,). 0.591 1.228 
KCl 
MgSO, 0.247 3.697 
Ca,(PO,),. 
KH,PO, 0.068 2.450 
Total 1.412 7.375 
m. mols m. mols 
Ca** 2.5 5.2 
Mg** 1.0 15.0 
K* 5.5 18.0 
NH, 
NO,- 7.5 10.4 
so,-- 1.0 15.0 
HPO, 0.5 18.0 





SHIVE R,-C, | 


| 











EXP. SOL. ExP. SOL. 
‘ xX i ce P 9? 
gm./1. | gm./1. 
0.25 0.286 
0.25 
0.25 
0.25 0.50 
0.50 0.50 
1.00 
0.10 
1.60 2.286 
m. mols m. mols 
1.1 3.2 
2.0 2.0 
6.6 6.7 
3.1 3.6 
9.7 3.6 
20 2.0 
0.7 3.2 


weekly intervals, except that solutions for larger plants (6-10 weeks) were 
changed at intervals of 3—5 days. 


GROWTH OF PLANTS 


The size ranking of plants started April 4-11 was estimated on May 10 


and again on May 23. 


PLANT 


May 10, 1945 
Corn wed 
Broccoli aah 
Soybeans 
Tomatoes 
Sunflowers 
Cotton 
Rice 

Scores 

May 23, 1945 
Corn 
Broceoli 
Soybeans 
Tomatoes 
Sunflowers 
Cotton 
Rice 


Scores 


TABLE II 


RANKING FROM BEST TO POOREST OF SEVEN SPECIES IN FOUR SOLUTIONS. 
EXPERIMENT STARTED WEEK OF APRIL 4 


Differences between the best and poorest cultures 


RANK ON BASIS OF TOP AND ROOT GROWTH 


FIRST 


H 
P 
P 
P 
P 
P 
Pp 


P 26 


SECOND 


THIRD FOURTH 
P S 
H S 
S H 
Ss H 
H ~ 
H X 
S H 

H 12 S 12 
Ss x 
H Ss 
H s 
S H 
X ~ 
S X 
~ H 

H 16 S 11 
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were slight in tomato to marked in soybean and broccoli (fig. 1). Rankings 
together with a score obtained by assigning a value of 4 for first rank, 3 for 
second, ete., are shown in table II, and six of the plants are shown in figure 1. 

On the basis of the scores in table II the ‘‘ P’’ solution containing NH,NO, 
and Ca;(PO,). was the best for the plants tested, while Shive’s R;-C, (‘‘S’’) 





Fie. 1, Six species grown in four nutrient solutions. A, soybeans; B, corn; C, 
tomatoes; D, rice; E, broccoli; F, cotton. Left to right in each photograph: Hoagland’s 
solution (‘‘H’’), Shives R,-C, (‘‘S’’), a buffered solution (‘‘P’’) and an unbuffered 
solution with NH,NO, (‘‘X’’). Plants started April 4-11, photographed June 15. 


rated only one second place in the upper brackets. There was much evi- 
dence, however, that the ‘‘best’’ solution changes with the light and tempera- 
ture conditions (1), with the plant, and perhaps most rapidly with the age 
of the plant. ‘‘X’’ was a good solution for young corn plants, but they soon 
developed root rots in the excessive acidity produced. On the other hand, 
larger plants did reasonably well when returned to this solution (fig. 1B). 





630 PLANT PHYSIOLOGY 


Small corn in Hoagland’s (‘‘H’’) solution is chlorotic and may die unless 
especial attention is given to the iron supply. Even badly chlorotic plants 
recover quickly, however, if the phosphorus is omitted from the solution for 
the first half of the week. Figure 2A shows this effect. The solutions were 
identical except for the time of adding phosphorus. Soybeans also do poorly 
in ‘‘H’’ solution, but can be carried by delaying the phosphorus (fig. 2B). 
This principle was used by Weiss (5), working in this laboratory. Chlorosis 
was induced in genetic lines of soybeans to be tested for efficiency of iron 
absorption by adding moderate quantities of KH,PO, to a large culture tank. 
A differential chlorosis developed among the lines which disappeared as the 
phosphorus was exhausted and more iron was added to the solution. 





Fie. 2. Effect of alternating phosphorus and iron in Hoagland’s solution. A, corn; 
B, soybeans; left in each photograph, phosphorus and iron added together at solution 
changes; right, phosphorus addition delayed 2-4 days to permit unhindered iron ab- 
sorption. 


The effect of phosphorus in causing chlorosis in ‘‘H’’ but not in ‘‘S8”’ 
solution, which contains 36 times as much phosphorus, is explainable on the 
basis of pH. The pH’s of fresh and used solutions in table III show that 
the large quantity of KH,.PO, tended to maintain an acid reaction favorable 
to iron absorption. Modified Shive solutions containing intermediate con- 
centrations of acid phosphate are less successful. In Shive’s original paper 
(4), solutions in the R, series contained KH.PO, at 0.0036 mols; series R. 
at twice this concentration, R, at three times, ete., to R-. None of the R, or 
R, solutions was rated good while R,’s and higher were mostly good to exeel- 
lent, and three solutions, R,—C,, R,-C;, and R;-C., were not significantly 
poorer than R;—C,. 
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TABLE III 


HYDROGEN ION CONCENTRATIONS (PH) OF FRESH AND USED NUTRIENT SOLUTIONS 








USED SOLUTION, 
5-—6-WEEK PLANTS 


5.40-6.55 


USED SOLUTION, 
3-—4-WEEK PLANTS 


SOLUTION FRESH SOLUTION 


5.80-6.35 


5.20 


Hoagland 1940 
Shive R,-C, 


Exp. sot **X”’ 


Rup. sol. ‘*P*? 





4.45 
5.25 


6.10 





4.85-5.65 
3.55-4.40 
5.50—-6.30 


| 
| 


4.45-5.70 
3.70-5.70 
5.15—5.60 











i] 


Ammonium nitrate was added to solutions ‘‘X’’ and ‘‘P”’ as a neutral 
source of nitrogen. We were very considerably surprised, therefore, to find 
that the pH of the unbuffered solution ‘‘X’’ dropped as low as pH 2.9 and 
always went below 4.0. The cause of the acidity was shown to be the prefer- 
ential absorption of ammonia ions by all of the plants studied at all stages of 
growth up to early fruiting. Ammonia was absorbed faster than NO, from 
the unbuffered ‘‘X’’ solution, the buffered ‘‘P’’ solution or pure NH,NOs. 
Corn and cotton roots (fig. 1F') were injured in these acid solutions but soy- 
beans made excellent growth with a very dark green color (fig. 1A). Young 
plants sometimes became chlorotic in ‘‘ X’’ because they did not absorb nitro- 
gen fast enough to develop an acid reaction. With large plants nitrogen 
absorption was so rapid that the acid phase was ended on the second or third 
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day by nearly complete absorption of both NH,* and NO,. In the ‘‘P’’ 
solution the Ca;(PO,). prevented low pH values. At the lower pH’s shown 
for this solution in table III, phosphorus became more soluble (fig. 5) and 
some tendency toward chlorosis was observed. 


THE ABSORPTION OF PHOSPHORUS 


The apparent interaction of phosphorus and pH in iron chlorosis led to 
a detailed study of PO, absorption from the four solutions. The results are 
shown graphically in figs. 3, 4,5. The ‘‘H’’ and ‘‘X”’ solutions (figs. 3A 
and B) starting respectively with 14 and 21 p.p.m. of phosphorus dropped 
to 1 p.p.m. or less in 5 or 6 days. Essentially all of the 0.068 or 0.100 gm. 
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Fig. 4. Phosphorus absorption by three species grown in Shive solution. 


of KH,PO, added was absorbed. The 500 p.p.m. of phosphorus in the ‘‘S”’ 
solution was reduced to about 300 p.p.m. in a week (fig. 4) with a phosphorus 
absorption 10 or 15 times that in the‘ X’’and‘‘H’’solutions. The facet that 
such heavy absorption did not seriously interfere with iron utilization is 


evidence that the interference observed with the ‘‘H’’ solution oeceurred out- 
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side the plant. Soluble phosphorus concentrations in the ‘‘P’’ solution, 
which contained a large excess of colloidal Ca,(PO,)., started at about 10 
p.p.m. and climbed to 20-30 p.p.m. on the second and third days (fig. 5) as 
some of the insoluble phosphate was brought into solution by accumulating 
HNO, from the differential utilization of NH,NO,. Soluble phosphorus then 
tended downward but remained above 10-20 p.p.m. after 10 days. The ‘‘P”’ 
solution has been best for small plants with slow NH,* absorption so that the 
pH is held near 6.0. Very little iron chlorosis develops in these cultures in 
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Fig. 5. Phosphorus absorption by three species grown in the Ca,(PO,), buffered 


**P’? solution. 


spite of the high pH and phosphorus, suggesting that it is the dibasic or more 
probably the monobasic phosphate ion which precipitates the iron. The 
‘*P’’ solution would probably be improved for older plants by using some 
Ca(NO,),. along with Ca(Cl), in forming the Ca;(PO,).. The result would 
be a partial replacement of KCl by KNOs, a higher total nitrogen and per- 
haps less tendency for excess solubility of the phosphorus. 


Discussion and summary 


Moderate amounts of KH.PO, (0.5 to 0.7 millimols) caused iron chlorosis 
of seedlings in solutions less acid than pH 5.5-6.0. The trouble could be 
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avoided by omitting the phosphorus entirely and adding it separately after 
2-4 days. Even with this modification the Knop type of solution (Hoag- 
land, 2) caused persistent chlorosis in soybeans and broccoli. 

In the commonly used Shive solution (R,—C,) a large excess of KH.PO, 
holds the pH of the solution between 4.5 and 5.0 and chlorosis is moderate to 
slight. The Shive solution contains 36 times as much phosphorus as the 
Hoagland and 6-week-old plants growing in it absorbed 15 times as much 
to make a slightly poorer growth. The addition of as little as 0.125 gm. per 
liter of NH,NO, resulted in decidedly acid solutions in every experiment 
with nine plant species representing seven families. Initial pH’s of 5.25 in 
an unbuffered solution fell to minimums of 3.9 to 2.9 and then rose, to pH 
5.0 or 6.0 with large plants. The low pH’s were shown to be due to a prefer- 
ential absorption of NH,* ion and the later rise to the slower absorption of 
the NO; ion. The use of NH,NO, prevented iron chlorosis with some plants, 
notably soybeans, but resulted in acidities which were injurious to young 
corn and to cotton. In work done in this series but not deseribed above, the 
‘*X”’ solution containing NH,NO, gave exceptional growth of young coffee 
(Coffea arabica), but was toxic to older plants. 

It is probable that iron chlorosis has more effect on solution culture results 
than any other single factor, and frequently than all other factors. Iron 
absorption from cultures is reduced by phosphorus, probably by H.PO, ions 
especially, at pH’s of about 6.0 or higher. The use of Ca,(PO,). reduces the 
trouble as does the use of enough KH.PO, to maintain a pH below 5.5. In 
tank culture H.SO, may be used more cheaply to accomplish the same result. 
In miscellaneous work with the Knop type of solution chlorosis can be re- 
duced or prevented by omitting phosphorus from the solution and adding 
it separately 2—4 days later after iron has been absorbed. 
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BRIEF PAPERS 
SELECTIVITY OF 2,4-D AND SINOX WHEN APPLIED TO SOIL 
L. L. DANIELSON 
(WITH ONE FIGURE) 
Received July 18, 1947 


The use of 2,4-D (2,4-dichlorophenoxyacetic acid) and Sinox (sodium 
dinitro ortho cresylate) for the control of weeds in broadleaf crops has not 
proved feasible in any general way. Evidence is accumulating, however, 
to show that certain crops may be treated with these materials in some stages 
of development, and in some cases during dormancy, without producing 
apparent injury. Crop plants of this type, however, are very limited in 
number. 

The application of these chemicals to the soil to control weeds in field 
seed beds seemed to present a possibility for extending their use. Accord- 
ingly, a preliminary experiment was conducted in 1946 to canvass the possi- 
bilivies in such a method of application. 

The trials were conducted on a Sassafras loam prepared as for seed- 
ing corn or lima beans. Sinox in concentrations of one to four gallons 
per acre and 2,4-D (70% sodium salt) in concentrations of 1 to 4 pounds per 
acre were applied as a spray on this freshly prepared soil. The chemicals 
named were applied on plots 8 by 50 feet square in sufficient water to pro- 
vide 500 gallons per acre to make possible the uniform distribution of the 
chemicals. 

TABLE I 


EFFECT OF SOIL TREATMENTS ON WEED POPULATIONS EXPRESSED AS NUMBER OF 
BROADLEAF AND GRASS PLANTS PER SQUARE YARD* 


SINOX—GALS. PER ACRE 


Broadleaf plants 
Av. 3 areas 7.3 od 2.6 0.0 
% control .. i. 90.6 100.0 
Grass plants 
Av. 3 areas 
% control 


2,4-D—LBS. PER ACRE 


Broadleaf plants 
Av. 3 areas 26.6 27.6 28.3 40.3 
% control 67.0 65.8 1 73.1 

Grass plants 
Av. 3 areas 16.6 21.0 16.3 9.6 
% eontrol 85.0 81.0 88.3 93.1 





* Principal broadleaf weed was carpetweed (Mollugo verticillata). Principal grass 
was crabgrass (Digitaria sanguinalis). 2,4-D used was the sodium salt in 70% concen- 
tration. Soil treated 7/1/46. Populations counts made 8/22/47. 
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The applications were made in the first week of July 1946 and were 
evaluated 7 weeks later. The treated areas were not cultivated during this 
period. 

Periodic examination of these plots revealed a striking difference be- 
tween the plant selectivity of the two chemicals as applied to the soil in the 
manner described. As is generally known, the selectivities of these mate- 
rials are very similar when applied to the foliage of growing plants. Evalu- 
ation of these plots 7 weeks after treatment, table I, showed that the 2,4-D 
was toxic to both the grasses and the broadleaf weeds, whereas the Sinox 
was only slightly toxic to the grasses but very toxic to the broadleaf weeds. 
Figure 1 shows the effective control of grasses and broadleaves of a 4-pound- 
per-acre application of the 2,4-D. 





Fig. 1. Cheek plot (1) at left above. Plot (2) at right which received 4 pounds 
per acre of the sodium salt of 2,4-D (70%) applied to the soil in 500 gallons of water 


per acre. 


The toxic effects of these materials were rather quickly dissipated in the 
soil as indicated by the normal growth in all treatments of a planting of 
Henderson bush lima beans and Golden Cross sweet corn made ten days 
after the chemicals were applied to the soil. The effective rainfall during 
the interval between treatment and planting was 3.75 inches. 

The results of these preliminary trials are considered as indicative 
rather than conclusive because of their limited nature in terms of weather 


and soil variations. 
VIRGINIA TRUCK EXPERIMENT STATION 
NORFOLK, VIRGINIA 
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SOLUBLE SOLIDS CONTENT OF DIFFERENT REGIONS 
OF WATERMELONS 


JOHN H. MACGILLIVRAY 


(WITH ONE FIGURE) 


Received January 27, 1947 


Several workers have used a hand refractometer to determine the soluble 
solids content of watermelons, Citrullus vulgaris Schrad. These values 
appear to be closely related to the sugar content of the melon. Judging 
from the data of Porter, Bisson, and ALLINGER (2) in Klondike water- 
melons, 85% of the soluble solids consists of total sugars. Thus, the hand 
refractometer reading has been used as a measure of quality. An accurate 
method of determining soluble solids is especially valuable in studying the 
effect of this quality factor, both in improvement programs and in work on 
the effect of environment on quality. An accurate method of sampling the 
melon is also of critical interest. In 1934 Tucker (4) noted the variability 
of different sections of a watermelon in soluble solids content. Since Tucker’s 
data were limited to observations on one melon, it has seemed desirable to 
repeat the work, using a larger number of fruits. 

In 1938, watermelons from an irrigation experiment were used in this 
project. Both nonirrigated and heavily irrigated melons of the Klondike 
variety were included. Previous studies (1) have shown that, at Davis, 
California, irrigation does not greatly affect soluble solids content. All com- 
parisons in this paper were between readings made on the same melon. For 
the determinations, the melon was placed with the ground spot on a table 
and cut into equal halves vertically from stem to blossom end. The areas 
shown in figure 1—-B were then sampled. Sample areas in the red flesh were 
given numbers, whereas those close to seed regions were indicated by small 
letters of the alphabet. Next, the sampled half was laid on the table with 
the cut surface up. The melon was cut vertically from stem to blossom end 
into two quarters. The cut surface of the quarter having the ground spot 
was then sampled (fig. 1-A). All samples were obtained from the edible 
flesh even though close to seed or rind. Juice was expressed by hand from 
a cube of the flesh about one-half inch on each side. Soluble solids content 
of each sample was determined with a hand refractometer. A scale on this 
instrument gives the solids percentage of pure sucrose solutions. Readings 
thus obtained are called, in this paper, ‘‘soluble solids.’’ Values found are 
the averages obtained from twenty-three melons used in this experiment 
(fig. 1 and table I). 

Edible flesh was removed from the two quarters used for the small sam- 
ples, and the juice was extracted by hand, pressing the flesh in a piece of 


cheesecloth. The soluble solids content of this juice was considered repre- 
sentative of the whole melon. 
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In each of the watermelons twenty-three areas were sampled. Table I 
shows these values, arranged in a descending order from the largest to the 
smallest. The data indicate a marked decrease in the sugar content as the 
samples approach the rind from the seed area. High soluble solids are found 
in the center flesh of the melon, including the surrounding tissue near the 
seed area. These values which vary from 12.85% to 12.25%, average 12.59% 








8. Holl ofa watermelon cur vertically. 


Fic. 1. The percentage of soluble solids in the different areas of a watermelon. 


soluble solids. Flesh near the rind is low in soluble solids, varying from 
10.74% to 8.57% and averaging 9.33%. The blossom end is almost 2% 
higher in solids than the stem end; likewise the samples near the upper rind 
are higher than those near the ground. The watermelon fruit seems to be 
consistently variable in soluble solids content. 

To compare or improve varieties as to quality, one must have some method 
of obtaining an adequate sample. For some light on this problem, one may 
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compare the results obtained from the individual samples and the soluble 
solids content of the juice from the half melons. Juice from the halves aver- 
aged 11.23% soluble solids. The average for all the small samples (1-14, 
a-i) is 11.06%. When the average value of the melon was determined by 
averaging the twenty-three (fig. 1-A and 1—B) small samples and compared 
with the value for the half melons, there was found (by Student’s method) 
a significant difference. Since the odds in this case were 103 to 1, evidently 
the twenty-three samples include too large a proportion of those near the 
rind. On the other hand, averaging the seventeen samples from the half 
(1-11, a-f) of the melon, one finds a value of 11.22%, which is not signifi- 
eantly different from our value for the half melon sections (11.23%). If 


TABLE I 


SOLUBLE SOLIDS CONTENT OF DIFFERENT SECTIONS OF A WATERMELON FRUIT 








MELON SECTION—SEED OR CENTER 


MELON SECTION—NEAR RIND 


MELON 


SECTION 
DESIGNATION, 
FIGURE 1 





SOLUBLE 
SOLIDS* 


SECTION 
DESIGNATION, 
FIGURE 1 


SOLUBLE 
SOLIDS* 


% % 
NE eae cal B-b 5 10.74 
Center : Bt 2. 10.21 
Seed ..... B-f 9.94 
Seed Scal B-a 7 9.78 
Seed B-e 9.47 
Seed B-d 9.23 
Seed ae. A-h 2.55 3 8.77 
Center me B-3 8.72 
Seed , B-e J 8.63 
Seed ...... A-i 2. A-1; 8.59 
Seed ’ A-g A-1 8.57 
Center B-2 











* Arranged in descending order. 


individual regions are compared within a given melon, a difference of about 
0.6% soluble solids is necessary for a significant difference, with odds of 
19 to 1. 

None of the twenty-three areas selected had an average value of 11.23%. 
Twelve of the percentages are higher and eleven are lower. If, for sampling, 
one must choose a sector that is similar in composition to all the juice, it will 
have to be located between the rind and the seed region. Such a sector might 
lie between samples 4 and 5. Area 3, which has been used for sampling 
many melons, is desirable from the standpoint of the small variation from 
the surrounding tissue. One should remember that this area is 1.3% higher 
in soluble solids than the average. 

In a fruit so variable as the watermelon, the choice of one area for sam- 
pling must involve certain dangers of inaccuracy. The data obtained in this 
experiment resemble those published by Tucker (4) on the variability of the 
readings. According to Tucker, the center flesh varied from 8.1% to 14.9% 
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soluble solids, and the flesh near the rind from 4.1% to 6.8% soluble solids. 
Scorr and MacGiuuivray (3) have shown a similar amount of variability in 
cantaloupe fruits, Cucumis melo L. 


DIVISION or TRUCK CROPS 
UNIVERSITY OF CALIFORNIA 
DAVIS, CALIFORNIA 
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NOTES 


Chicago Meeting.—Plans for the annual meeting of the Society include 
the usual dinner to be held at the Congress Hotel which is near Headquarters 
at the Stevens; the price will be $3.50 per plate. In the light of present 
arrangements for session rooms it is imperative that all members of the 
Society register since the more Plant Physiologists who register, the larger 
the proportion of room rentals for our Society that will be paid by the 
A.A.A.S. Full publicity has been released relative to registration and the 
General Program may be obtained from the offices of the A.A.A.S. at 1515 
Massachusetts Avenue, N.W., Washington 5, upon payment of the usual fee 
of two dollars. This program is planned for release on December 1; early 
registration is suggested. 


Purdue Section Meeting.—On July 24 and 25, the Purdue Section of 
the AMERICAN Society or PLANT PHysIOLoaists celebrated the Twenty-first 
Anniversary of its organization in 1926. Dr. E. J. Lunp, University of 
Texas, gave three lectures on the general subject of ‘‘Bioelectrical Phe- 
nomena and Cell Correlations’’ followed by a round table discussion of the 
results that he presented. The meetings were opened with registration dur- 
ing the morning of July 24 and inspection of a number of interesting projects 
in the biological laboratories. Forty-five people attended the noon luncheon 
and heard a very interesting and enlightening discussion concerning the pro- 
posed Institute of Biological Sciences by Dr. J. FISHER STANFIELD. About 
90 attended Dr. LuNp’s first lecture on ‘‘ Pattern and Variations of the Bio- 
electric Field’’ and the same number heard his second lecture at the dinner 
meeting on Thursday evening on ‘‘Orientation of Growth and Polarity of 
the Field.’’ About 70 were present to listen to a discussion Friday morning 
on ‘‘ Electrochemical Basis of the Electric Polarity of the Cell’’ and partici- 
pated in a round table discussion following the lecture. The meetings were 
climaxed with a trip through Turkey Run State Park which fifty attended 
on Friday afternoon. Officers for next year are Dr. R. E. Girton, Chair- 
man and Dr. H. H. Kramer, Secretary-Treasurer. 


General Botany Laboratory Book.—Epwarp M. PALMQuiIstT and LOREN 
C. Petry. W. B. Saunders Co., Philadelphia. 174 pages. $2.25. This 


latest addition to the list of manuals for introductory plant science repre- 
sents thirty-five exercises which are adaptable to varied types of courses. 


Many questions, with space for answers, provide motivation for closer study 
of materials ; prepared drawings for labelling are ample. With a coiled wire 
binding it is intended that the book should be turned in for examination as 


a unit rather than as separate exercises ; certain record sheets, however, are 

to be torn out and handed in. Winter keys to common trees are included in 

the appendix. This manual is clearly written and illustrated, represents 
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time-proven experiments, and should be well received as a useful guide in 
the laboratory. 
oe 


Abdel Galil El Gawadi.—Dr. Aspen Gaui, EL GAawapr was born May 4, 
1908 at Faraskur, Egypt. Educated in Egypt, he entered Fouad I Uni- 
versity of Cairo in 1926 and continued his education at Cambridge Univer- 
sity, England where he received the Doctor of Philosophy degree in 1935. 
Here he met his future wife, Hilda Robisher, and two daughters, Aida and 
Nadya, were born of his marriage in 1936. 

Dr. GAwapt returned to Egypt to continue his career at Fouad I Univer- 
sity as a lecturer in Plant Physiology where he remained until 1942 when he 
was transferred to the new Farouk I University of Alexandria. Coming to 
the United States in 1946 he affiliated with the Brooklyn Botanie Garden as 
a Research Fellow with the general problem of Leaf Abscission. A promis- 
ing career was brought to an abrupt end by his death on August 21, 1947. 

While Dr. GAawapr had enjoyed only limited opportunities to enlarge 
his circle of friends in this country he was highly esteemed by his colleagues. 
Clarity of vision, a cordial manner, and scrupulous honesty were attributes 
enjoyed and respected by all who knew him. 


Radioactive Tracers in Biology: An Introduction to Tracer Method- 
ology.—MartTiIn D. KAMEN. Academic Press Inc., New York, 1947. 231 
pages. $5.80. This manual reviews concepts in nuclear physics which are 
basic to proper application of tracer methods in biology and provides a eriti- 
eal survey of existing procedures with potentialities and limitations thereof 
for general biological research. The author presents the actual data of his 
own and many other original investigations employing radioactive isotopes. 
Reference is also made to the use of stable isotopes in tracer studies though 
somewhat briefly in the interest of clarity. A survey of special topics, con- 
cerning medical applications of radioactive isotopes is included in the final 
section of the book. 

Though this book is not a compendium for experts, it provides a thorough 
introduction to tracer research in biology and will be of inestimable value to 
biochemists, physiologists, and physicians seeking orientation tracer method- 
ology and peaceful applications of nuclear energy. The text includes dis- 
cussion of atomic nuclei, radioactive isotopes and methods of their produe- 
tion, radiation characteristics of tracer atoms and procedures for assay 
thereof, followed by comments on radioactive forms of hydrogen, carbon, 
phosphorus, sulphur, the light and heavy metals. The author’s style is 
lucid, the contents are very coherently organized and the text is generously 
illustrated. There are numerous yet carefully selected citations in extension 


as well as in support of the text, enabling those who desire more extended 
knowledge of current aspects of radiobiology to obtain ready access to the 
most authoritative and recent publications in the field. Author and subject 
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indices make the contents available for rapid reference. The book serves a 
most useful purpose for biologists in collation and evaluation of a widely 
scattered literature as this relates to theory, preparation, testing and results 
in tracer research. The author and publisher are to be commended on the 
timeliness and general excellence of the book. 


Fatty Acids, Their Chemistry and Physical Properties.—K. S. MarK- 
LEY. Interscience Publishers, 215 Fourth Avenue, New York 3. 668 pages. 
$10.00. This monograph deals with the chemistry and technology of fats, 
oils, and related substances. The subject matter is well organized and brings 
together in an accessible form many data pertaining to the chemical reac- 
tions and physical properties of the fatty acids, with particular stress on 
the long chain fatty acids. With preliminary chapters on the history, 
classification, nomenclature, and isomerism of fats, waxes, and fatty acids, 
subsequent chapters discuss physical properties, chemical reactions, syn- 
thesis, isolation, and identification of fatty acids. Many new aspects of 
spectral properties, pyrolysis, autoxidation, and the biosynthesis of fatty 
acids are presented. 

Although the book is principally intended for chemists much vital infor- 
mation will be of interest to the plant physiologist, particularly the section 
on synthesis in plants. The excellent organization of the material will 
obviate much laborious search of the literature for those interested in this 
type of research. 


Bioelectric Fields and Growth.—E. J. LUNp and CoLLABORATORs. 
University of Texas Press, Austin, Texas. 391 pages. $7.50. This book 
collates the major research of the laboratories of physiology and biophysies 
at the University of Texas. It is a very helpful interpretation of experi- 
mentation by the outstanding leaders of the rapidly expanding field of 
electrophysiology. 

Theoretical aspects of the subject matter are closely integrated with the 
experimental data, presented under seven separate headings. The first con- 
siders the topic of Electric Fields of the Cell and Polar Cell Aggregates, the 
second and third deal with the Effects of Gravity on the Electric Correlation 
Field in the Oat Coleoptile and the Spontaneous Variations in the Electric 
Field Potentials of the Root of the Onion. The subsequent sections treat 
the topics of Polar Bioelectric Fields and Polar Growth Under Conditions 
of Applied Electric Fields, Biocoulometry, General Discussion of the Results 
and Significance of the Results by the senior author. The final section con- 
sists of a concise bibliography of Continuous Bioelectric Currents and Bio- 
electric Fields in Animals and Plants with index by H. F. Rosene. 


Acta Scandinavica.—Volume I, 1947. Published by Chemical Societies 
in Denmark, Finland, Norway, and Sweden. Distributed by Einor Munks- 
gaard, Copenhagen, Denmark. Annual Subscription, $8.50 plus postage. 
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The JournaActa Chemica Scandinavica is again readily available to Ameri- 
can subscribers. Dealing with the work of Scandinavian chemists in the 
fields of general, physical, inorganic, organic, and biochemistry, this publi- 
cation appears ten times yearly. All articles and contributions are printed 
in one of three languages: English, French, or German. Aquaintanceship 
with this journal should be especially helpful to the American plant physi- 
ologist in keeping abreast with recent research of the Scandinavian countries. 


Advances in Enzymology and Related Subjects of Biochemistry.— 
Volume 7, 1947. Edited by F. F. Norn, Interscience Publishers, 215 Fourth 
Avenue, New York 3. 665 pages. $8.75. Of special interest to physiolo- 
gists in the newest volume of this distinguished series will be the sections on: 
Permeability and Enzyme Reactions by 8. C. Brooxs; Properties of Pro- 
toplasm with Special Reference to the Influence of Enzyme Reactions by 
WILuiAM SEIFrriz; Applications of Radioactive Indicaters in Turnover Stud- 
ies by G. Hevsey of Stockholm ; Bacterial Luminescence by FRANK H. JoHN- 
SON ; Heme-Linked Groups and Mode of Action of Some Hemoproteins by 
Huco THEORELL of Stockholm; Interrelations in Microorganisms between 
Growth and the Metabolism of Vitamin-like Substances from Fungi and 
Green Plants by FREDERICK KAVANAGH; and Recent Progress in Industrial 
Fermentations by F. M. HILDesrANnpt. This volume also contains a cumula- 
tive index to Volumes I to VII as well! as author and subject indices to Vol- 
ume VII. 


Annual Review of Biochemistry.—Volume XVI, 1947. Annual Re- 
views, Inc. Stanford University Postoffice, California. 740 pages. $6.00. 
Of the twenty-five sections of the most recent volume of this review journal, 
the following will be of particular interest to physiologists: Biological Oxi- 
dations and Reductions; Proteolytic Enzymes; Metabolism of Lipids, Car- 
bohydrates, Proteins and Amino Acids; Antioxidants; Nitrogenous Consti- 
tuents of Plants; Mineral Nutrition of Plants; Growth Substances in Higher 
Plants and Bacterial Metabolism. The volume contains complete, eross- 
referenced author and subject indices. 


Plant and Soil.—Volume I, 1947. E.G. Muuper, Editor. A new peri- 
odical published by Martinus Nijhoff Company, The Hague, Holland. 400 
pages. Subscription $7.50 per volume. A new important international 
periodical, ‘‘ Plant and Soil,’’ will be issued towards the end of 1947. It is 
devoted to the study of plant nutrition, plant chemistry, and the related sub- 
jects of soil science, soil microbiology, and soil-borne plant diseases. Realiz- 
ing that the increasing demand for intensive crop production all over the 
world necessitates a quick exchange of the results of scientific research be- 
tween the workers in this field, a number of outstanding scientists from dif- 
ferent countries have decided to collaborate in establishing this new journal. 

Among the Editors we read the names of GAUMANN of Ziirich ; LUNDE- 
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GARDH, PENNINGBY, and MELIN of Uppsala; HoaGuanp of Berkeley; Kon- 
INGSBERGER of Utrecht; WAksMAN of New Brunswick ; WESTERDIJK of Baarn; 
VERTANEN of Helsinki, and many other outstanding scientists. Original 
contributions in English, French or German may be sent to the secretary 
of the Board of Editors, Dr. E. G. Muuprer, Agricultural Experiment Sta- 
tion, Eemskanaal ZZ. 1, Groningen, Holland. 


Statistical Analysis of Biology.—K. Matuer. Interscience Publish- 
ers, 215 Fourth Avenue, New York 3. 267 pages. $5.00. This book is a 
valuable analytical tool to plant scientists and research workers in general. 
The author outlines the scope of the various statistical methods and their 
interrelationship. Representative analyses and examples in the text show 
how statistical evaluations are applicable to the data of the biological sei- 
ences. The subject matter dealing with such basic principles of statistics 
as Probability and Significance, Distributions, Tests of Significance, The 
Interrelationship of Two Variables, Polynomial and Multiple Regressions, 
and Correlations is couched in a language readily understood by the non- 
mathematician. A glossary of terms also facilitates acquaintanceship with 
the vocabulary and mathematical symbols used in statistics. The volume 
consists of 13 chapters with an individual list of references for each subject. 
A set of conversion tables and a general index are also included. 


Methods of Vitamin Assay.—Prepared and Edited by the Association 
of Vitamin Chemists, Inc. 1947. Interscience Publishers, 215 Fourth 
Avenue, New York 3. 189 pages. $3.50. This monograph meets the need 
for a concise yet critical compilation of standardized methods of vitamin 
analysis. Methods are presented for analysis of foods, feedstuffs, pharma- 
ceutical, and biological products. The most accurate and widespread meth- 
ods for determinatic: of the major vitamins are listed along with selected 
references to other niethods. Separate bibliographies pertinent to the par- 
ticular subject are inciuded with each individual chapter. 


Technological and Physical Investigations on Natural and Synthetic 
Rubbers.—A. G. Wipscuut. 1946. Elseveir Publishing Company, Ine., 
New York. 173 pages. $3.00. This book is one of a series of monographs 
on the progress of research in Holland during the war. The subject matter 
comprises technological investigations and physical investigations on natural 
and artificial rubbers and related components as carried on in the Nether- 
lands from 1939 to 1944. Though the book is intended primarily as a refer- 


ence for rubber technologists, this volume will be of interest and use to plant 


scientists as a compilation of much important research on rubber carried on 


during World War II. 
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